Geochemical, Isotopic, and U-Pb Geochronologic Investigations of Intrusive Basement Rocks from the Wallowa and Olds Ferry Arc Terranes, Blue Mountains Province, Oregon-Idaho by Kurz, Gene Alan
GEOCHEMICAL, ISOTOPIC, AND U-PB GEOCHRONOLOGIC INVESTIGATIONS 
OF INTRUSIVE BASEMENT ROCKS FROM THE WALLOWA AND OLDS FERRY 
ARC TERRANES, BLUE MOUNTAINS PROVINCE, OREGON-IDAHO 
 
 
 
 
By 
Gene Alan Kurz 
 
 
 
 
A dissertation 
submitted in partial fulfillment 
of the requirements for the degree of 
Doctor of Philosophy in Geosciences 
Boise State University 
 
 
December 2010 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
©  2010 
Gene Alan Kurz 
ALL RIGHTS RESERVED 
BOISE STATE UNIVERSITY GRADUATE COLLEGE 
 
 
DEFENSE COMMITTEE AND FINAL READING APPROVALS 
 
 
Of the dissertation by  
 
 
Gene Alan Kurz 
 
 
Dissertation Title:  Geochemical, Isotopic, and U-Pb Geochronologic Investigations of 
Intrusive Basement Rocks from the Wallowa and Olds Ferry Arc 
Terranes, Blue Mountains Province, Oregon-Idaho 
 
Date of Final Oral Examination: 01 September 2010 
 
The following individuals read and discussed the dissertation submitted by student Gene 
Alan Kurz, and they also evaluated his presentation and response to questions during the 
final oral examination.  They found that the student passed the final oral examination, and 
that the dissertation was satisfactory for a doctoral degree. 
 
Clyde J. Northrup, Ph.D.    Co-Chair, Supervisory Committee 
 
Mark D. Schmitz, Ph.D.   Co-Chair, Supervisory Committee 
 
Craig M. White, Ph.D.   Member, Supervisory Committee 
 
Rodney V. Metcalf, Ph.D.    External Examiner 
 
The final reading approval of the dissertation was granted by Clyde J. Northrup, Ph.D., 
Co-Chair of the Supervisory Committee and Mark D. Schmitz, Ph.D., Co-Chair of the 
Supervisory Committee.  The dissertation was approved for the Graduate College by 
John R. Pelton, Ph.D., Dean of the Graduate College. 
 
 v 
DEDICATION 
This work is dedicated to my wife Kim; to my mother and father, Arleen and 
Greg; to my sister, Brandy, and her daughter, Kaia; to my grandfather, Gene McCurley; 
to my grandparents, Earl and Dorothy Kurz; to my father, Gary; and to Mike and Katie 
Fowler.  Thank you for your unlimited love and support. 
 vi 
ACKNOWLEDGEMENTS 
I acknowledge my Lord Jesus Christ for providing this opportunity and the 
perseverance to achieve my goals.  To Dr. C.J. Northrup, my most sincere thanks for all 
that you have done…your advising, enthusiasm, and friendship throughout this entire 
endeavor; thank you for believing in me.  To Dr. Mark Schmitz, thank you for your 
teaching, guidance, friendship, and commitment to push and facilitate my personal and 
professional development; thank you for the privilege of working and conducting 
research in the Boise State University Isotope Geology Laboratory (IGL); thank you for 
additional funding during the 2009 and 2010 summer semesters.  To Dr. Craig White, 
thank you for your advising, encouragement, and constructive comments. To Dr. Tracy 
Vallier, thank you for your unwavering enthusiasm, data contributions, and inspiration 
for conducting work in one of the most challenging environments. To Dr. Jim Crowley, 
thank you for all the training and continuing aid in developing my skills in the IGL; thank 
you for your friendship, heart-felt debates, and sharing of scenic skiing and fishing 
pictures.  To Dr. Jennifer Pierce and Dr. Shawn Benner, thank you for your teaching and 
advisement during my breadth project; also to Shawn, thank you for the privilege of 
working and conducting research in the BioTrace Laboratory.  To Dr. Paul Olin, thank 
you for your guidance in the BioTrace Laboratory, and for your friendship and bringing a 
familiar feeling from Southern Oregon University.  To Dr. Karen Viskupic, thank you for 
your guidance and genuine concern for facilitating professional and personal success.  To 
 vii 
Dr. Walt Snyder, thank you for your advisement and inspirational talks regarding all 
aspects of geology and professional development.  To Dr. Dodney Metcalf, thank you for 
“showing up” and contributing an independent perspective on my research; thank you for 
the element of levity that you brought to my defense. 
I want to sincerely thank the following sources of funding that have made this 
opportunity possible: the Boise State University Department of Geosciences, the Idaho 
National Laboratory, the Inland Northwest Research Alliance, the Geological Society of 
America, the William and Rose Burnham Research Fund, and the Idaho Gem and 
Mineral Society. 
To my wife and most treasured companion, thank you for your steadfast love and 
support during all stages of this adventure.  To my mother and father, thank you for your 
love, support, and for believing in me.  To Mike and Katie Fowler, thank you for your 
love and support. To my grandparents, Earl and Dorothy Kurz, thank you for your love 
and support. 
I would like to thank Kyle Tumpane for his research contributions and for useful 
conversations regarding my own research. I also thank Joni Hadden and Jessica Sousa for 
offering great conversation and friendship as my office mates. 
 viii 
ABSTRACT 
Late Paleozoic to Mesozoic arc terranes comprising the Blue Mountains Province 
of northeastern Oregon and western Idaho are poorly understood in terms of the timing 
and duration of recorded magmatism and deformation. Intrusive basement rocks of the 
Wallowa and Olds Ferry arc terranes are investigated using a combination of high-
precision U-Pb geochronology, radiogenic isotope and trace element geochemistry, and 
structural geology to help constrain their tectonomagmatic evolution and to provide a 
better understanding for the accretionary history of the Blue Mountains Province. 
The Cougar Creek Complex is a compositionally diverse intrusive complex 
interpreted as the mid-crustal portion of the Wallowa arc terrane. New geochemical data 
and high-precision U-Pb zircon ages define two compositionally and temporally distinct 
cycles of magmatism, and two separate episodes of contractional deformation in the 
Wallowa arc. An apparent gap in igneous activity, contractional deformation, regional 
uplift and erosion of the arc, and a switch from predominantly calc-alkaline to tholeiitic 
magmatism is interpreted as a response to the subduction of a spreading ridge beneath the 
overriding Wallowa arc in the early Mesozoic. Late Triassic synmagmatic left-lateral 
mylonitic shear zones in the Cougar Creek Complex are interpreted to illustrate the 
structural development of subvertical, arc-parallel ductile shear zones in an active mid-
crustal arc-axis environment undergoing sinistral-oblique subduction.
 ix 
New high-precision U-Pb ages for small multi-grain and single-grain analyses of 
neoblastic titanite from the Cougar Creek Complex directly constrain the timing and 
duration intra-arc strike-slip ductile shearing, and reveal the utility of this method for 
resolving the temporal and structural evolution of mid-crustal, synmagmatic 
deformational processes. Trace element characteristics of titanite, determined by laser 
ablation inductively coupled plasma and thermal ionization mass spectrometry, provide a 
geochemical means of distinguishing magmatic and neoblastic grains. 
U-Pb ages for supracrustal and intrusive rocks from the inboard Olds Ferry arc 
terrane, combined with new trace element data, constrain three separate unconformity-
bounded volcano-plutonic sequences. Sr, Nd, and Pb isotopic data for intrusive rocks of 
the Olds Ferry arc indicate derivation from a more isotopically enriched source compared 
to those from the Wallowa arc, and establish a clear distinction between the two arc 
systems. This distinction strengthens current paleogeographic interpretations of a 
continental fringing Olds Ferry arc and an intra-oceanic Wallowa arc, and provides 1) 
essential constraints for developing a comprehensive tectonic model for the accretionary 
history of the Blue Mountains Province, and 2) a basis for comparison to other 
Cordilleran arcs. The Olds Ferry and Wallowa arc terranes are illustrated by a two-arc, 
doubly-vergent Molucca Sea-type collisional model. The Olds Ferry fringing arc is 
interpreted as the southward continuation of the Stikinia-Quesnellia arc system located in 
the southern Canadian Cordillera. The Wallowa arc terrane is correlated with the 
Wrangellia terrane of southeastern Alaska and western Yukon. 
Isotopic analyses of Permo-Triassic intrusive igneous rocks from the Wallowa 
and Olds Ferry arc terranes provide new constraints on regional lithospheric architecture, 
 x 
with implications for models of Laramide crustal shortening and the provenance of 
Cenozoic magmatism. The isotopically intermediate character of the Olds Ferry fringing 
arc terrane is recognized as a primary early Mesozoic feature predating Cordilleran 
shortening. Isotopic profiles generated orthogonal to the Wallowa-Olds Ferry terrane 
boundary and the western Idaho shear zone show abrupt increases in 87Sr/86SrI 
compositions, and mark the transitions between three geochemically distinct lithospheric 
columns corresponding to: 1) relatively depleted intra-oceanic lithosphere of the Wallowa 
arc; 2) isotopically intermediate lithosphere of the Olds Ferry fringing arc; and 3) the 
truncated margin of the ancient and isotopically evolved North American continent. West 
to east spatial variability in the isotopic compositions of Neogene volcanic rocks may 
thus be explained by the partial melting of these three geochemically distinct lithospheric 
reservoirs, in contrast to models requiring offset of the North American cratonic margin. 
Combined Sr, Nd, and common Pb isotopic data also support interpretations that 
inherited arc-related mantle of the Wallowa and Olds Ferry terranes play a primary role 
in the petrogenesis of low-K, high-alumina olivine tholeiites from the northwestern Great 
Basin. 
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CHAPTER ONE: U-PB GEOCHRONOLOGY AND GEOCHEMISTRY OF 
BASEMENT ROCKS FROM THE COUGAR CREEK COMPLEX, 
WALLOWA ARC TERRANE, BLUE MOUNTAINS PROVINCE, 
OREGON-IDAHO 
 
Abstract 
The Cougar Creek Complex is a compositionally diverse intrusive complex 
constructed of numerous variably deformed dikes and plutons, which are interpreted as 
the mid-crustal portion of the Wallowa arc terrane.  New geochemical data and high-
precision U-Pb zircon ages define two compositionally and temporally distinct cycles of 
magmatism, and two separate episodes of contractional deformation in the Wallowa arc.  
From Middle Permian to Early Triassic time (265.4 ± 0.2 Ma to 248.8 ± 0.1 Ma), the 
Wallowa arc was dominated by silicic calc-alkaline magmatism.  During the Early to 
Late Triassic (248.8 ± 0.1 Ma to 229.4 ± 0.1 Ma), a cessation of intrusive activity 
indicates that arc axis magma production shut down.  This volcanic inactivity coincides 
with a newly constrained D1 deformation event, and with regional uplift and erosion 
recorded throughout the Wallowa arc.  In the Late Triassic (229.4 ± 0.1 Ma to 229.1 ± 0.5 
Ma), dominantly mafic to intermediate tholeiitic magmatism was renewed.  The apparent 
gap in igneous activity, D1 contractional event, regional uplift and erosion of the arc, and 
a switch from predominantly silicic calc-alkaline to tholeiitic MORB-like magmatism is 
related in our preferred model to the subduction of a spreading ridge beneath the
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overriding Wallowa arc.  Late Triassic D2 synmagmatic left-lateral mylonitic shear zones 
in the Cougar Creek Complex are interpreted to illustrate the structural development of 
subvertical, arc-parallel ductile shear zones in an active mid-crustal arc axis environment 
undergoing sinistral-oblique subduction.  Synchronous Late Triassic U-Pb crystallization 
ages, D2 deformation, and 40Ar/39Ar cooling ages for mid-crustal rocks, and the 
abundance of plutonic clasts within conglomerate units of the similar aged portion of the 
Seven Devils Group indicate relatively rapid uplift and exhumation of the Wallowa arc at 
that time, which is inferred as a response to the initiation of a Molucca Sea-type arc-arc 
collision between the Wallowa arc and the active Middle to Late Triassic Olds Ferry 
continental fringing arc. 
 
Introduction 
The timing, paleogeography, and kinematic history of late Paleozoic – early 
Mesozoic terrane accretion along the western margin of North America remain only 
loosely constrained aspects of the assembly and evolution of the Cordilleran orogen.  
Throughout much of the northwestern United States, the products of terrane accretion and 
crustal assembly are now largely obscured by an extensive blanket of younger cover, 
including voluminous volcanic sequences of the Columbia River Basalt Group (Swanson 
et al., 1981; Fitzgerald, 1982).  However, in the Blue Mountains Province of Oregon-
Idaho-Washington (Figure 1.1), regional uplift and accompanying incision of the Snake 
River and its tributaries through Cenozoic cover have generated significant exposures of 
Paleozoic and Mesozoic “basement” rocks accreted outboard of the North American 
cratonic margin (Brooks et al., 1976; Mitchell and Bennett, 1979).  These exposures 
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provide a unique opportunity to investigate in detail the history of the late Paleozoic and 
Mesozoic assembly and accretion of tectonic elements to the North American margin, as 
well as a rare window into the middle crust of an ancient volcanic arc. 
The rocks of the Blue Mountains Province comprise an assemblage of volcanic 
arc terranes, sedimentary basins, and mélange complexes that record a protracted history 
of Permian to Cretaceous subduction, magmatism, and accretion of oceanic crustal 
fragments to western North America (Brooks and Vallier, 1978; Dickinson, 1979; Avé 
Lallemant et al., 1980; Wilson and Cox, 1980; Hillhouse et al., 1982; White et al., 1992; 
Vallier, 1995; Gray and Oldow, 2005; Dorsey and LaMaskin, 2007).  The Wallowa arc 
terrane is one of the four primary tectonostratigraphic units that comprise the Blue 
Mountains Province (Brooks and Vallier, 1978; Dickinson, 1979; Silberling et al., 1984; 
Vallier, 1995).  The Cougar Creek Complex (Vallier, 1995) is a mid-crustal intrusive 
complex that formed in the arc axis environment of the Wallowa arc (Figures 1.1 and 1.2; 
Vallier, 1995; Kurz, 2001; Kurz and Northrup, 2008). 
Our knowledge of the tectonic history for the Wallowa arc terrane remains 
incomplete, particularly in terms of the age and duration of magmatism and the timing of 
distinct episodes of deformation.  Until now, the timing of magmatic activity in the 
Wallowa arc has been based on a limited collection of geochronologic, 
thermochronologic, and paleontologic data.  However, numerous dikes and plutonic 
bodies exposed in the Cougar Creek Complex record a detailed intrusive history, and 
provide an ideal opportunity to characterize the timing and tempo of igneous activity in 
the Wallowa arc.  Furthermore, deformation observed within rocks from the Cougar 
Creek Complex provides valuable and unique insight related to the tectonic history of the 
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Wallowa arc terrane.  The “uniqueness” we speak of refers to a broader, process-oriented 
context wherein we have the opportunity to document and characterize the interplay 
between magmatism and deformation within the arc axis environment. 
In this study, we present a geologic map of the Cougar Creek Complex, a broad 
geochemical characterization for intrusive units and their likely tectonic affinity, and new 
high-precision U-Pb zircon crystallization ages.  These new data clarify the age and 
duration of igneous activity in the Wallowa arc, confirm an Early to Late Triassic hiatus 
in igneous activity, and constrain distinct episodes of contractional deformation.  They 
provide the underpinnings for a new model of plate boundary interaction that more 
completely explains the magmatic and deformational history of the Wallowa arc. 
 
Geologic Background 
 
The Wallowa Arc Terrane 
The Wallowa arc terrane has been identified historically as the “volcanic arc 
terrane” (Vallier et al., 1977), the “Wallowa Mountains-Seven Devils Mountains volcanic 
arc terrane” (Brooks and Vallier, 1978), the “Seven Devils terrane” (Dickinson and 
Thayer, 1978), and the “Wallowa terrane” (Silberling et al., 1984).  The constituent rocks 
of the Wallowa terrane range in age from the Permian to Early Cretaceous (Vallier, 
1995).  Exposures of crystalline basement rocks of the Wallowa arc terrane occur in 
several locations within the Blue Mountains Province, especially within the Snake River 
canyon from Oxbow, Oregon, downstream to its confluence with the Salmon and Imnaha 
rivers (Figure 1.1).  Stratified silicic volcanic and volcaniclastic sequences of Permian 
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(Guadalupian) age comprise the oldest supracrustal rocks in the Wallowa terrane (Vallier, 
1967, 1977, 1995).  These Permian supracrustal rocks are unconformably overlain by 
thick middle to upper Triassic (Ladinian and Carnian) volcanic and volcaniclastic rocks 
of mafic to intermediate composition (Vallier, 1967, 1977, 1995).  Late Triassic (earliest 
Norian) and Early Jurassic massive carbonate and sandstone-mudstone flysch sequences 
unconformably overly the Permian and Triassic volcanic assemblages (Vallier, 1977, 
1995). 
The Wallowa terrane has been correlated with the Wrangellia terrane exposed in 
the Vancouver Islands of British Columbia and in the Wrangell Mountains of 
southeastern Alaska (Jones et al., 1977; Hillhouse et al., 1982; Wernicke and Klepacki, 
1988; Dickinson, 2004). However, this equivalency has been disputed based on differing 
lithologic, geochemical, and stratigraphic characteristics (Mullen and Sarewitz, 1983; 
Sarewitz, 1983; Scheffler, 1983; Mortimer, 1986).  Alternatively, the Wallowa terrane 
has been related to the Stikine terrane also in British Columbia (Mortimer, 1986; Oldow 
et al., 1989; Yancey and Stanley, 1999). 
 
The Cougar Creek Complex 
The Cougar Creek Complex is one of several major basement complexes located 
within the Blue Mountains Province, and is exposed along ten kilometers of the Snake 
River in Hells Canyon from Temperence Creek northward to Pittsburg Landing (Figure 
1.2).  Vallier (1995) described exposures similar to the Cougar Creek Complex in the 
Salmon River canyon, near White Bird, Idaho, and again further to the northeast along 
the South Fork of the Clearwater River near Grangeville, Idaho.  Assuming these 
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northeastern exposures are continuations of the Cougar Creek Complex, the complex 
represents a regionally significant tectonic feature (Vallier, 1995). 
The Cougar Creek Complex is petrologically diverse, containing dikes and small 
plutons with a range of bulk compositions, including gabbro, basalt, diorite, quartz 
diorite, tonalite, and their metamorphosed and deformed equivalents (Figure 1.2; Vallier, 
1995; Kurz, 2001; Kurz and Northrup, 2008).  Metamorphism and deformation occurred 
under lower to upper greenschist facies conditions (Avé Lallemant, 1995; Vallier, 1995; 
Kurz, 2001; Kurz and Northrup, 2008; Kohn and Northrup, 2009).  Principal tectonic 
fabrics include foliation and mylonitic shear zones that strike northeast-southwest, and 
dip moderately to steeply in both the northwest and southeast directions.  Stretching 
lineations are sub-horizontal to gently plunging to the southwest and northeast (White 
and Vallier, 1994; Vallier, 1995; Avé Lallemant, 1995; Kurz and Northrup, 2008).  
Ductile shear zones that range from one centimeter to several meters in width are 
dominantly sinistral with minor conjugate right-lateral senses of shear, and were 
generated within a transpressional tectonic environment characterized by predominant 
strike-slip to oblique-slip kinematic conditions (Avé Lallemant, 1995; Kurz, 2001; Kurz 
and Northrup, 2008). 
Two previous studies have contributed age constraints for rocks of the Cougar 
Creek Complex.  Walker (1986) analyzed multi-grain zircon fractions from four samples 
collected throughout the Cougar Creek Complex for U-Pb age determinations.  
Concordant ages for three of the four intrusive bodies identified Permian to early Triassic 
magmatic activity, while one small pluton gave a discordant age.  The discordant data 
were tested further through discordia modeling, which yielded a middle Pennsylvanian 
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model age that was inferred to be a possible maximum age for the complex (Walker, 
1986).  Balcer (1980) measured Middle to Late Triassic 40Ar/39Ar cooling ages for five 
amphibole samples and one biotite fraction from the Cougar Creek Complex.  These ages 
were interpreted as the minimum age for peak metamorphism and deformation (Balcer, 
1980; Walker, 1986; Avé Lallemant, 1995; Snee et al., 1995; Vallier, 1995; Gray and 
Oldow, 2005). 
Given the lithologic heterogeneity and structural complexity observed in the 
Cougar Creek Complex, boundaries between some geologic units are gradational while 
others are more definite.  Below we present a brief description of the mapped geologic 
units within the Cougar Creek Complex and the nature of their contact relationships.  Our 
description begins with geologic units in the northern portion of the complex and 
continues through units to the south. Geologic mapping presented here utilized 
reconnaissance data published in Vallier (1998) as a base, which was modified after more 
detailed investigations. 
The Trudy Mountain gneissose unit in the northernmost portion of the study area 
has been referred to as a gneiss complex based on prominent compositional layering 
(Figure 1.2; Balcer, 1980; Walker, 1986; Snee et al., 1995; Vallier, 1995; Kurz, 2001).  
However, implicit in the use of this nomenclature is the assumption that compositional 
banding resulted from metamorphic processes (Jackson, 1997).  Layering in this unit 
actually reflects intrusive relationships between older silicic rocks and later pulses of 
dominantly mafic and subordinate intermediate magmas.  The relatively younger basalt, 
diabase, gabbro, and diorite dikes intrude older silicic bodies, forming intricate screens of 
material that have been variably deformed.  Dikes and screens of both compositional 
 8 
groups (i.e., older silicic screens and plutons and younger mafic to intermediate 
intrusives) range from a few centimeters to several meters in thickness and occasionally 
occur as large tabular bodies several tens of meters in thickness.  Essentially, all intrusive 
bodies within this unit are oriented parallel to the dominant northeast-southwest structural 
trend of the Cougar Creek Complex. 
Figure 1.3A shows thin bands of deformed light-colored tonalitic material 
intruded by diabase and gabbro.  Larger feldspar phenocrysts from the tonalitic host are 
entrained within the gabbro.  A thin-section of sample CC08-02 (Figure 1.3B), collected 
from the same outcrop, illustrates the intrusive nature of the compositional layering at the 
microscopic scale.  Microlithons of plastically deformed quartz and more rigid feldspar 
from the tonalite are cross-cut by or surrounded within the finer-grained mafic material.  
Other specific microscopic evidence that supports the interpretation of an intrusive 
relationship includes the presence of fabric defined by grain-shape preferred orientation 
of recrystallized quartz in the tonalitic rock truncated by the contact with the mafic 
material (Figure 1.3D). 
The well-developed grain-shape preferred orientation of recrystallized quartz 
observed in the older tonalitic material indicates a sinistral sense of shear (Figure 1.3C).  
Left-lateral shear bands are also visible within the mafic material (Figure 1.3B).  Cross-
cutting relationships between the tonalitic and later mafic rock could indicate either 
multiple episodes of deformation, or protracted deformation contemporaneous with mafic 
magmatism.  At the mesoscopic scale, locally deformed gabbro intruded and partially re-
melted older deformed tonalitic rock, forming thin bands of leucogranite surrounding 
bleb-like melanosomes (Figure 1.3D and 1.3E).  Because compositional banding, 
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observed at a variety of scales, was produced by primary magmatic interlayering rather 
than metamorphic differentiation, we have applied the term “gneissose” to this unit. 
Age constraints for intrusive rocks within the Trudy Mountain gneissose unit 
include multi-grain zircon fractions analyzed from two samples collected by Walker 
(1986), which gave concordant U-Pb ages of 263 Ma and 246 Ma.  Multi-grain fractions 
from a third sample gave a questionable model age of 309 Ma, which has been 
interpreted by most subsequent workers as a possible maximum age for the Cougar Creek 
Complex as well as the Wallwa arc (Walker, 1986; Avé Lallemant, 1995; Vallier, 1995; 
Gray and Oldow, 2005).  Six 40Ar/39Ar cooling ages from the gneissose unit have been 
interpreted as minimum time constraints for peak metamorphism and deformation 
(Balcer, 1980; Walker, 1986; Avé Lallemant, 1995; Snee et al., 1995; Vallier, 1995; Gray 
and Oldow, 2005). 
To the north, the Trudy Mountain gneissose unit is thrust over volcaniclastic and 
shallow marine strata of the Middle to Late Jurassic Coon Hollow Formation along the 
northeast trending Klopton Creek fault, a right-lateral oblique thrust fault (Figure 1.2; 
White et al., 1992; White and Vallier, 1994; Vallier, 1995; Kurz, 2001).  The Klopton 
Creek fault has been grouped with two similar faults in the region, the Hammer Creek 
fault, located to the east in the Salmon River canyon near White Bird, Idaho, and the 
Mount Idaho fault, located to the southeast of Grangeville, Idaho (Schmidt and Lewis, 
2007; Garwood et al., 2008; Kauffman et al., 2008; Schmidt et al., 2009).  Together, 
these faults constitute a single large-scale, north to northeast trending structure referred to 
as the Klopton Creek-Hammer Creek-Mount Idaho fault zone (Schmidt and Lewis, 
2007).  The Klopton Creek-Hammer Creek-Mount Idaho fault zone offsets the western 
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Idaho shear zone, the suture between the terranes of the Blue Mountains Province and 
North American cratonal rocks, providing a maximum age constraint for movement along 
the Klopton Creek fault of post-Late Cretaceous (90 Ma) (McClelland and Oldow, 2007; 
Schmidt and Lewis, 2007; Giorgis et al., 2008).  The Syringa fault is the northeastern-
most extension of the Klopton Creek-Hammer Creek-Mount Idaho fault zone, which is 
stitched by the Bitterroot lobe of the Idaho batholith, constraining the minimum extent of 
activity on the Klopton Creek fault to approximately 55 to 60 Ma (Schmidt and Lewis, 
2007).  Schmidt and Lewis (2007) report a 15 to 35 kilometer right-lateral strike-slip 
component for the Klopton Creek-Hammer Creek-Mount Idaho fault zone, while the 
vertical component of displacement has not been rigorously assessed, but likely varies 
based on relative differences in metamorphic grade between rocks from the footwall and 
hanging wall.  The southern boundary of the gneissose unit is difficult to discern in the 
field and is gradational.  It is defined by a greater abundance of comparatively less-
deformed mafic material (the Trudy Mountain mafic unit) and a lack of relatively older 
screens of silicic rock. 
The Trudy Mountain mafic unit includes an abundance of non-deformed gabbro, 
diorite, diabase, and minor quartz diorite dikes.  Fine-grained basalt dikes are ubiquitous 
in the field area, cross-cutting most other intrusive units within the Cougar Creek 
Complex.  Although the Trudy Mountain mafic unit is partly distinguished from the 
gneissose unit by a decrease in the amount of deformation, some similar structures do 
exist.  The southern boundary between the mafic unit and the Kirby Creek unit is 
gradational, characterized by a transition from more mafic lithologies to a predominance 
of quartz diorite dikes.  Further to the south, the mafic unit is in structural contact with 
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adjacent geologic units along the Two Corral Creek fault, a right-lateral oblique reverse 
fault (Figure 1.2).  The Two Corral Creek fault is likely related to the Klopton Creek 
fault. 
The Kirby Creek unit was initially included within the Trudy Mountain mafic unit 
by Vallier (1998), but was separated here based on a transition from mostly mafic 
lithologies to a higher abundance of quartz diorite, although some gabbro, diorite, basalt, 
and minor amounts of relatively older and commonly deformed silicic intrusive bodies do 
occur.  The southern boundary of the Kirby Creek unit is gradational with the Kirkwood 
Creek unit in the northern portion of the field area while it is defined by the Two Corral 
Creek fault in the southern portion of the study area (Figure 1.2). 
The Kirkwood Creek unit is distinguished by the abundance of variably deformed 
silica-rich, primarily tonalite, dikes and screens.  However, original protoliths of strongly 
mylonitized rocks are sometimes difficult to determine.  Within this unit, we find the 
common field relationship described previously for the Trudy Mountain gneissose unit: 
younger mafic to intermediate dikes cross-cutting and/or enclosing older silicic intrusive 
bodies (Figure 1.4A and 1.4B).  Deformation within the Kirkwood Creek unit is much 
more prevalent, and most silicic intrusives have been mylonitinized to various degrees.  
Structural analysis of multiple silicic bodies indicate a dominant left-lateral sense of 
displacement with minor conjugate right-lateral mylonites (Kurz, 2001; Kurz and 
Northrup, 2008). 
The Triangle Mountain pluton is a coarse-grained, hornblende-biotite tonalite 
exposed on Triangle Mountain between Corral Creek and Kirby Creek in the central 
portion of the field area on the Idaho side of the Snake River.  It is in fault contact with 
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the Permian (Guadalupian) Hunsaker Creek Formation to the east (Figure 1.2), and cross-
cuts silicic dikes and screens of the Kirkwood Creek unit, indicating that this pluton is 
younger than these silicic intrusives.  However, it pre-dates numerous fine-grained mafic 
dikes that also cut the Kirkwood Creek unit.  Internally, the Triangle Mountain pluton is 
largely non-deformed; however, its southwestern margin is marked by a right-lateral 
mylonitic shear zone (Sample CC-6-24-1 of Kurz, 2001).  A multi-grain zircon fraction 
analyzed by Walker (1986) gave a concordant U-Pb age of 246 Ma for this pluton. 
The Klopton Creek pluton is a lineated, quartz-bearing hornblende gabbro 
exposed in the northern portion of the field area where it intrudes the Trudy Mountain 
gneissose unit (Figure 1.2).  Local pegmatoidal dikes composed of leucocratic gabbro, 
quartz diorite, granodiorite, and granophyre occur within this pluton as well (Kurz, 2001).  
These dikes intrude into and cross-cut foliation within the Trudy Mountain gneissose unit 
on the southern side of Klopton Creek.  The Klopton Creek pluton exhibits a prominent 
mineral preferred orientation defined by aligned hornblende crystals that plunge gently to 
the south.  Petrographic analysis indicates that the origin of this fabric is magmatic, and 
does not reflect solid-state processes. 
The Suicide Point pluton is a relatively small, medium to coarse-grained gabbro 
body exposed at Suicide Point in the southern portion of the field area (Firgure 2).  The 
gabbro is intruded by quartz diorite dikes interpreted as the injection of late-stage residual 
melt into the nearly crystallized gabbro.  This interpretation is supported by the presence 
of large pyroxene phenocrysts from the gabbro suspended within the dikes, and the 
absence of well-defined chilled margins between the gabbro and the quartz diorite 
(Figure 1.5A).  Small-scale compositional layering is observed in the gabbro and is 
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oriented parallel to the dominant northeast-southwest structural trend of the Cougar 
Creek Complex (Figure 1.5B).  The layering is not believed to have formed through 
deformational or metamorphic processes but could perhaps be explained by processes 
operative during late-stage crystallization (Boudreau, 1986; McBirney et al., 1990).  The 
Suicide Point Pluton is not penetratively deformed; however, one to three centimeter 
thick zones of pseudotachylite are present and are related to later brittle deformation 
(Kurz, 2001). 
The Suicide Point pluton intrudes the Permian (Guadalupian) Hunsaker Creek 
Formation of Vallier (1977), providing a minimum timing constraint for the deformation 
of the Permian strata.  A contact aureole in the adjacent Hunsaker Creek Formation as 
well as the occurrence of xenolithic fragments of volcanic material near the margin of the 
pluton support the interpretation of this intrusive relationship.  The Suicide Point pluton 
and its host rock, the Hunsaker Creek Formation, are located in the footwall of a 
northeast trending, west to northwest dipping reverse fault that defines the eastern 
boundary of the Cougar Creek Complex (Figure 1.2).  This structural position suggests 
that the Suicide Point pluton may have been emplaced at a shallower crustal level relative 
to the main body of the Cougar Creek Complex.  This reverse fault is referred to as the 
Kirkwood Fault due to its excellent exposure to the south of Kirkwood Bar (Figure 1.2).  
Pseudotachylite zones that cut the Suicide Point pluton may be related to movement 
along the Kirkwood Fault. 
The Permian (Guadalupian) Hunsaker Creek Formation of Vallier (1967, 1977) 
mapped adjacent to the eastern boundary of the Cougar Creek Complex, consists 
primarily of highly deformed silicic volcanic and volcaniclastic rocks.  Common 
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lithologies include quartz keratophyre flows, block and ash flows, tuff, lapilli tuff, 
sandstone, and siltstone.  Minor lenses of recrystallized limestone are also present.  
Younger dacite and rhyolite dikes intruded these silicic volcanogenic rocks and were 
subsequently deformed (Kurz, 2001). 
Deformational foliation in the Hunsaker Creek Formation strikes northeast and 
dips moderately to steeply to the southeast and northwest.  Stretching lineations plunge 
gently to moderately to the southwest, consistent with a strike-slip deformational regime.  
Folding was observed in outcrop and shows a close, gently plunging (southwest), upright 
geometry.  Other mesoscopic ductile features include boudinaged and stretched clasts in 
volcanic breccia, and well-developed shear bands within recrystallized volcanic 
sandstones and tuffs.  Outcrop-scale and microstructural analyses indicate a dominant 
right-lateral sense of motion with subordinate left-lateral structures.  This structural style 
contrasts with the dominant left-lateral structures described in the Trudy Mountain 
gneissose unit. 
 
Methods 
 
Major and Trace Element Analysis 
Major element abundances were determined by X-Ray Fluorescence (XRF) on 
fused glass beads at the Washington State University GeoAnalytical Laboratory or the 
U.S.G.S. Denver Laboratory.  The transition metals Ni, Cr, and Zn were also determined 
by XRF, unless otherwise noted.  Remaining trace element abundances, including rare 
earth elements (REE), were analyzed on an HP 4500+ quadrupole inductively coupled 
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plasma-mass spectrometer (ICP-MS) at the Washington State University GeoAnalytical 
Laboratory (10 samples), or on a Thermo Scientific X-Series 2 quadrupole ICP-MS at the 
Boise State University Biogeochemistry and Trace Element Facility (7 samples).  
Accuracies of XRF analyses are estimated at 2% for major elements for concentrations 
greater than 0.5 wt%, and at 5% for trace elements. ICP-MS measurements yield 
accuracies better than 5%. 
 
U-Pb Geochronology 
One to three kilogram bulk rock samples were processed at the Boise State 
University (BSU) mineral separation facility.  All samples were processed using standard 
crushing, magnetic, and density separation techniques.  Separated zircon were subjected 
to a modified version of the chemical abrasion method of Mattinson (2005), reflecting a 
preference to prepare and analyze carefully selected single crystals or crystal fragments.  
Zircon separates were placed in a muffle furnace at 900°C for 60 hours in quartz beakers.  
Single annealed crystals were then transferred to 3 mL Teflon PFA beakers, rinsed twice 
with 3.5 M HNO3, and loaded into 300 µL Teflon PFA microcapsules.  Fifteen 
microcapsules were placed in a large-capacity Parr vessel, and the crystals partially 
dissolved in 120 µL of 29 M HF with a trace of 3.5 M HNO3 for 10-12 hours at 180°C.  
The contents of each microcapsule were returned to 3 mL Teflon PFA beakers, the HF 
removed, and the residual grains rinsed in ultrapure H2O, immersed in 3.5 M HNO3, 
ultrasonically cleaned for an hour, and fluxed on a hotplate at 80°C for an hour.  The 
HNO3 was removed and the grains were again rinsed three times in ultrapure H2O or 3.5 
M HNO3 before being reloaded into the same 300 µL Teflon PFA microcapsules (rinsed 
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and fluxed in 6 M HCl during crystal sonication and washing) and spiked with the BSU 
mixed 233U-235U-205Pb tracer solution (BSU1B).  The chemically abraded grains were 
dissolved in Parr vessels in 120 µL of 29 M HF with a trace of 3.5 M HNO3 at 220°C for 
48 hours, dried to fluorides, and then re-dissolved in 6 M HCl at 180°C overnight.  U and 
Pb were separated from the zircon matrix using an HCl-based anion-exchange 
chromatographic procedure (Krogh, 1973), eluted together and dried with 2 µL of 0.05 N 
H3PO4. 
For mass spectrometry, Pb and U were loaded on a single outgassed Re filament 
in 2 µL of a silica-gel/phosphoric acid mixture (Gerstenberger and Haase, 1997).  U and 
Pb isotopic measurements were made on an IsotopX Isoprobe-T multicollector thermal 
ionization mass spectrometer equipped with an ion-counting Daly detector.  Pb isotopes 
were measured by peak-jumping all isotopes on the Daly detector for 100 to 150 cycles, 
and corrected for 0.18 ± 0.04%/a.m.u. mass fractionation.  Transitory isobaric 
interferences due to high-molecular weight organics, particularly on 204Pb and 207Pb, 
disappeared within approximately 30 cycles, while ionization efficiency averaged 104 
cps/pg of each Pb isotope.  Linearity (to ≥1.4 x 106 cps) and the associated deadtime 
correction of the Daly detector were monitored by repeated analyses of NBS982, and 
have been constant since installation.  Uranium was analyzed as UO2+ ions in static 
Faraday mode on 1011 ohm resistors for 150 to 200 cycles, and corrected for isobaric 
interference of 233U18O16O on 235U16O16O with an 18O/16O of 0.00206.  Ionization 
efficiency averaged 20 mV/ng of each U isotope.  U mass fractionation was corrected 
using the double spike.   
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U-Pb dates and uncertainties were calculated using the algorithms of Schmitz and 
Schoene (2007), and the U decay constants of Jaffey et al. (1971).  206Pb/238U ratios and 
dates were corrected for initial 230Th disequilibrium using a Th/U[magma] of 3, resulting 
in a systematic increase in the 206Pb/238U dates of ~90 kyrs.  Common Pb in analyses up 
to 1 pg was attributed to laboratory blank and subtracted based on the measured 
laboratory Pb isotopic composition and associated uncertainty.  This simple correction is 
typical of most analyses; occasional analyses with common Pb in excess of 1 pg were 
assumed to contain initial Pb within mineral inclusions, which was subtracted based on 
the model two-stage Pb isotope evolution of Stacey and Kramers (1975).  U blanks were 
<0.1 pg.  Over the course of the experiment, isotopic analyses of the TEMORA zircon 
standard yielded a weighted mean 206Pb/238U age of 417.43 ± 0.06 (n=11, MSWD = 0.8). 
Concordant U-Pb dates (considering decay constant errors) were obtained from 60 
individually analyzed zircon grains from the eight dated samples, and are illustrated on 
concordia diagrams.  Each sample yields a majority cluster of equivalent single zircon 
206Pb/238U dates that we interpret as the igneous crystallization age of the zircons, and 
which approximates the solidification age of the pluton.  We discard from age 
calculations the minority of grains with dates that are resolvable from the majority cluster 
at the 95% confidence interval.  Relatively more common outliers with older dates are 
interpreted as antecrysts from an earlier magmatic episode or composite grains with 
xenocrystic cores, while rarer outliers with younger dates are interpreted to have severe 
Pb loss not completely mitigated by chemical abrasion.  Non-systematic errors on the 
sample weighted mean ages are reported in the text and Table 1.1 as internal 2σ for those 
samples with probability of fit of >0.05 on the weighted mean date.  For one sample with 
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probability of fit <0.05, errors are at the 95% confidence interval, which is the internal 2s 
error expanded by the square root of the MSWD and the Student’s T multiplier of n-1 
degrees of freedom (Ludwig, 2005).  These error estimates should be considered when 
comparing our 206Pb/238U dates with those from other laboratories that used the 
EARTHTIME tracer solution or one that was calibrated using EARTHTIME gravimetric 
standards. When comparing our dates with those derived from other decay schemes (e.g., 
40Ar/39Ar, 187Re-187Os), the systematic uncertainties in tracer calibration (0.05%) and the 
238U decay constant (0.106%) should be added to the internal error in quadrature. 
 
Geochemistry 
Vallier (1995) presented geochemical data for 15 samples from the Cougar Creek 
Complex, which helped to: 1) assign these rocks to tholeiitic and calc-alkaline magma 
series, and 2) interpret tectonic setting, magmatic source rocks, and other petrogenetic 
processes (i.e., melting, magma mixing, assimilation of country rock, differentiation, and 
metamorphism).  Our new geochemical data (Tables A.1 and A.2) are presented in 
concert with further detailed field investigations and new high-precision age constraints 
to document temporal trends in the composition of magmatism recorded in the Cougar 
Creek Complex.  Samples for which we have both geochemical and U-Pb age 
information are individually symbolized to illustrate temporal variations in composition. 
Intrusive rocks from the Cougar Creek Complex are subalkaline and fall into two 
distinct high and low SiO2 compositional groups (Figure 1.6A).  Samples from the 
Cougar Creek Complex plot dominantly as “magnesian” on the Fe-number 
[FeOTotal/(FeOTotal+MgO)] versus silica diagram of Frost et al. (2001; Figure 1.6B). 
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Intrusive units from the Cougar Creek Complex dominantly plot as “calcic” on the 
modified alkali-lime index (MALI) diagram of Frost et al. (2001; Figure 1.6C). The AFM 
ternary diagram (Figure 1.6D) also illustrates two distinct compositional series that are 
clearly separated by the boundary defining the tholeiitic and calc-alkaline fields of Irvine 
and Baragar (1971).  The observed distinction of intrusive rocks depicted on the AFM 
diagram is not unusual for rocks from an arc environment (Whelan, 1985). The two 
discrete compositional groups further correspond to consistent and widespread field 
relationships outlined earlier, where relatively older “high silica” rocks are intruded by 
younger mafic to intermediate or “low silica” bodies.  Intrusive rocks from the Cougar 
Creek Complex relate most directly with characteristics of M-type granites (Pitcher, 
1983). Similar characteristics between M-type granites and intrusives from the Cougar 
Creek Complex include the occurrence of small quartz diorite-gabbro composite plutons 
that have formed in an oceanic arc environment (Pitcher, 1983). 
Normal MORB-normalized spider diagrams of incompatible trace elements show 
patterns typical of rocks formed in a subduction environment (Figure 1.7).  Negative high 
field strength element (HFSE) anomalies are common, as are positive spikes in the 
normalized values of Ba, U, Pb, and Sr.  Chondrite-normalized rare earth element (REE) 
diagrams show significantly light REE enriched patterns for the Middle to Late Permian 
silicic intrusives, with variable to significant depletions in middle to heavy REE resulting 
in distinctive concave-up patterns (Figures 1.7).  Late Triassic mafic intrusives exhibit 
variable light REE enrichment and depletion resulting in convex-up patterns indicative of 
melting of a previously depleted source.  Some samples exhibit positive Eu anomalies 
consistent with plagioclase accumulation.  Late Triassic mafic to intermediate intrusives 
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show variable HFSE depletion, and relatively less variability in the enrichment of light 
REE (Figure 1.8A).  With the exception of one sample, chondrite-normalized La/SmN 
ratios for Late Triassic rocks are ≤ 1.34, further illustrating the variable LREE 
enrichment and depletion, and convex-up nature of REE patterns (i.e., La/SmN<1; Figure 
1.8B).  A Ta versus Yb discriminate diagram for granitic rocks (Pearce et al., 1984) 
shows that all samples from the Cougar Creek Complex consistently plot within fields 
characterizing volcanic arc granites (VAG; Figure 1.9). 
 
U-Pb Geochronology 
The temporal resolution of U-Pb zircon ages determined through isotope dilution 
thermal ionization mass spectrometry (ID-TIMS) has greatly increased due to: 1) 
significant reduction of common Pb blank contributions; 2) analysis of single zircon 
and/or crystal fragments; and 3) implementation of aggressive annealing and chemical 
abrasion procedures to reduce or eliminate the effects of Pb-loss (Bowring and Schmitz, 
2003; Mundil et al., 2004; Mattinson, 2005; Matzel et al., 2006; Schoene et al., 2006; 
Crowley et al., 2007).  The resulting ability to parse time at a much higher resolution has 
challenged the previous assumption that a zircon date can be simply interpreted as the 
time a pluton had fully crystallized (Miller et al., 2007).  Concordant ages of single zircon 
ID-TIMS analyses that show variable degrees of dispersion along a traditional Wetherill 
Concordia or even distinct populations of concordant analyses from the same sample may 
now be used to infer portions of the petrogenetic evolution of the magma (Miller et al., 
2007).  In this paper, we utilize terminology from Miller et al. (2007, and references 
therein) to help describe characteristics in zircon age systematics observed in samples 
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from the Cougar Creek Complex and provide a common foundation for the interpretation 
of our data. 
Specifically, we use the terms autocryst, antecryst, xenocryst, and inherited grain 
or inheritance to describe temporal interpretations of individual zircon grains and/or 
clusters of analyses. To review, an autocryst is a zircon crystal whose crystallization or 
growth is exclusively associated with a distinct pulse or increment of emplaced magma; 
for our data, this refers to the group of grains used to characterize the final solidification 
of the magma.  The term antecryst pertains to zircon grains that grew in an earlier pulse 
of magma or within a discrete reservoir and are subsequently entrained in a later pulse.  A 
xenocryst is described as a zircon crystal that is incorporated from the enclosing country 
rock during magma emplacement.  Xenocrysts are in general adequately older (several 
million years) relative to the intruding pulse of magma so as to be readily interpreted as 
unrelated to the magma system.  Inherited zircon is synonymous with xenocryst, referring 
to the presence of zircon that has survived partial melting of the source and/or 
assimilation processes of wall rock during intrusion. 
Previous studies have documented magmatic crystallization ages for the Cougar 
Creek Complex that range from 263 Ma to 246 Ma and potentially as old as ca. 309 Ma 
(Walker, 1986), and 40Ar/39Ar cooling ages that range from 225.8 Ma to 239.2 Ma 
(Balcer, 1980).  Samples collected for this study were chosen based on the combination 
of existing geochronologic data and documented field relationships to better constrain the 
timing and duration of magmatism in the Cougar Creek Complex.  The ca. 309 Ma age 
proposed by Walker (1986) has been referenced as the estimated maximum age for the 
Cougar Creek Complex as well as the Wallowa terrane in many studies (Avé Lallemant, 
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1995; Snee et al., 1995; Vallier, 1995; Gray and Oldow, 2005).  In this study, we 
attempted to collect lithologies from the Trudy Mountain gneissose unit similar to those 
described by Walker (1986) to help better define the maximum age of magmatism 
recorded in the Cougar Creek Complex and the Wallowa arc.  In several locations 
throughout the Cougar Creek Complex ,we have also described intrusive relationships 
between older silicic rocks and relatively younger mafic to intermediate dikes and 
plutons.  To better define the minimum extent for magmatic activity in the Cougar Creek 
Complex, we collected several of these mafic to intermediate lithologies for U-Pb 
analysis.  All U-Pb data are available in Appendix A (Table A.3). 
 
Mylonitic Tonalite, Trudy Mountain Gneissose Unit 
Eleven zircon grains from a one-meter thick mylonitic tonalite screen (CC08-06) 
collected in the Trudy Mountain gneissose unit yielded concordant analyses with 
206Pb/238U dates ranging from 262.59 ± 0.18 Ma to 265.35 ± 0.18 Ma (Table 1.1; Figure 
1.10A).  Within this age spectrum, two distinct clusters of analyses are recognized.  The 
weighted mean age of the youngest group of zircon grains is interpreted as the time of 
final solidification of the magma at 262.69 ± 0.10 Ma (MSWD=1.6, n=4).  The older 
group of analyses most likely represents antecrystic zircons that crystallized in an earlier 
pulse of magma or within a primary magma reservoir at 263.69 ± 0.11 Ma (MSWD=1.6, 
n=4) and were subsequently entrained during magma injection.  The three remaining 
older grains may also represent antecrysts and earlier stages of crystallization, or 
xenocrysts incorporated from the surrounding host rock. 
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Mylonitic Tonalite, Trudy Mountain Gneissose Unit 
Eight zircon grains from a five-centimeter thick and strongly mylonitinized 
tonalite screen (CC08-03) collected in the Trudy Mountain gneissose unit give 
concordant analyses with 206Pb/238U dates ranging from 262.18 ± 0.36 Ma to 264.00 ± 
0.35 Ma (Table 1.1; Figure 1.10B).  Two distinct groups of crystals are recognized for 
this sample; one zircon grain with larger assigned uncertainty overlaps both of the 
observed groups and is used in weighted mean calculations for both groups.  The younger 
group of zircon grains yields a weighted mean age of 262.80 ± 0.17 Ma (MSWD=60, 
n=3) and is interpreted as the age of final crystallization of the magma.  The older cluster 
of zircon crystals are interpreted as antecrysts and represent earlier crystallization at 
263.81 ± 0.18 Ma (MSWD=0.65, n=5).  The results of this sample are nearly identical to 
those of sample CC08-06, with the exception of the older antecrystic and/or xenocrystic 
grains. 
 
Triangle Mountain Tonalite 
The Triangle Mountain tonalite is apparently younger than variably deformed 
silicic rocks of the Kirkwood Creek unit.  Five zircon grains from the Triangle Mountain 
tonalite (CC-8-3-1) were analyzed.  All analyses are concordant with 206Pb/238U ages 
ranging from 254.07 ± 0.25 Ma to 254.41 ± 0.39 Ma, and give a weighted mean 
crystallization age of 254.21 ± 0.14 Ma (MSWD=1.05, n=5; Table 1.1; Figure 1.10C). 
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Proto-Mylonitic Tonalite, Trudy Mountain Gneissose Unit 
Nine zircon grains from a proto-mylonitic tonalite (CC08-01) collected in the 
Trudy Mountain gneissose unit are concordant with 206Pb/238U ages ranging from 247.74 
± 0.13 Ma to 249.28 ± 0.13 Ma (Table 1.1; Figure 1.10D).  Two distinct clusters of grains 
are recognized where one fraction with slightly larger uncertainty overlaps both of the 
observed groups, and is used in weighted mean calculations for both observed clusters.  
The younger group of crystals give a weighted mean of 248.75 ± 0.08 Ma (MSWD=0.85, 
n=4), constraining the time of final crystallization.  The older clustered analyses are 
interpreted as antecrysts and represent earlier crystallization at 249.14 ± 0.07 Ma 
(MSWD=2.2, n=5).  A single zircon yielded a concordant age of 247.74 ± 0.13 Ma and is 
interpreted as having a small amount of residual Pb-loss. 
 
Suicide Point Gabbro and Cross-Cutting Quartz Diorite Dike 
The Suicide Point pluton outcrops in the southern portion of the Cougar Creek 
Complex where it intrudes the Hunsaker Formation of the Seven Devils Group (Vallier, 
1977).  Two samples were collected from this small stock, the gabbro itself (CC07-02) as 
well as a cross-cutting quartz diorite dike (CC07-04; Figure 1.5A).  Eight zircon grains 
were analyzed from the gabbro and five grains from the cross-cutting quartz diorite dike.  
All analyses give concordant analyses with 206Pb/238U dates ranging from 228.55 ± 0.61 
Ma to 233.02 ± 0.48 Ma for the gabbro and from 229.23 ± 0.49 Ma to 229.49 ± 0.32 Ma 
for the dike (Table 1.1; Figure 1.10E).  Four of the eight fractions analyzed from the 
gabbro are interpreted to represent the time of final crytallization for the pluton at 229.43 
± 0.08 Ma (MSWD=1.3, n=4).  Two slightly older analyses are interpreted as antecrysts 
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and most likely indicate an earlier stage of fractionation at 229.92 ± 0.13 Ma 
(MSWD=0.54, n=2).  The youngest zircon crystal that was analyzed may represent a 
possible younger crystallization age; however, this grain most likely indicates a slight 
amount of Pb-loss.  The oldest analyzed grain is interpreted as a xenocryst because it is 
sufficiently older than the majority of other zircon, but it could also indicate a slight 
amount of inheritance since this gabbro intrudes the Permian (Guadalupian) Hunsaker 
Creek Formation (Vallier, 1977). 
The five analyzed zircon grains from the cross-cutting dike indicate a final 
crystallization age of 229.43 ± 0.16 Ma (MSWD=0.27, n=5), which is essentially 
identical to the interpreted age for the gabbro.  Thus, this dike most likely represents late 
stage reinjected liquid that was filter-pressed from the more or less solidified gabbro.  
Individual and small groups of pyroxene crystals that are suspended within the diorite 
dike near its contact with the main gabbro provide evidence supporting this interpretation 
(Figure 1.5A).  Combined, zircon from both the gabbro and the dike show that the final 
solidification of the Suicide Point pluton occurred at 229.43 ± 0.08 Ma (MSWD=0.62, 
n=9; Table 1.1; Figure 1.10E). 
 
Diorite, Trudy Mountain Gneissose Unit 
Five concordant zircon grains from a diorite (CC08-05) collected within the 
Trudy Mountain gneissose unit yield 206Pb/238U ages ranging from 229.27 ± 0.29 Ma to 
229.44 ± 0.16 Ma, and indicate a final crystallization age for the diorite of 229.37 ± 0.08 
Ma (MSWD=0.81, n=5; Table 1.1; Figure 1.10F). 
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Klopton Creek Gabbro 
The Klopton Creek pluton (CC-7-17-1) is located in the northern portion of the 
Cougar Creek Complex where it intrudes the Trudy Mountian gneissose unit.  Eight 
zircon grains from the Klopton Creek pluton yielded concordant ages (Table 1.1; Figure 
1.10G).  Six of the eight grains are used to calculate a 206Pb/238U weighted mean age of 
229.13 ± 0.45 Ma (MSWD=7.0, n=6) interpreted as the final crystallization age for the 
pluton.  The youngest analysis of the eight fractions is thought to have experienced a 
small amount of Pb-loss, while the oldest zircon of the dataset is antecrystic, or 
xenocrystic. 
 
Discussion 
New high-precision U-Pb zircon ages constrain the timing and duration of 
magmatism in the Cougar Creek Complex, as well as the timing of separate episodes of 
deformation.  New geochemical data further characterize and discriminate distinct cycles 
of magmatism in the Wallowa arc terrane.  Here we describe the magmatic and 
deformational histories of the Cougar Creek Complex, and attempt to integrate our 
findings with a variety of existing data and tectonic models for the Wallowa terrane to 
clarify its role in the early developmental stages of the Blue Mountains Province. 
 
Magmatic History of the Cougar Creek Complex 
The Cougar Creek Complex represents the mid-crustal level of the Wallowa 
oceanic island arc and records two compositionally and temporally distinct episodes of 
magmatic activity.  From Middle Permian to Early Triassic time (265.35 ± 0.18 Ma to 
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248.75 ± 0.08 Ma), the Wallowa arc was dominated by silicic calc-alkaline magmatism 
(Figures 1.6 and 1.7).  The time interval from Early to Late Triassic represents an 
apparent gap in magmatic activity.  In the Late Triassic (229.43 ± 0.08 Ma to 229.13 ± 
0.45 Ma), magmatism was renewed and dominated by mafic to intermediate tholeiitic 
compositions with trace element characteristics that imply derivation from a previously 
depleted source unlike older silicic intrusive bodies. 
Intrusive rocks associated with the older Middle Permian to Early Triassic cycle 
of magmatism are subalkaline, and follow a calc-alkaline fractionation trend (Figure 1.6).  
Trace element concentrations normalized to normal MORB show typical depletions in 
HFSE, indicating a subduction zone setting (Figures 1.7).  Chondrite-normalized REE 
diagrams show enrichment of light REE and depletion of the heavy REEs, forming 
pronounced “trough-like” patterns from Eu to Lu.  Three samples exhibit positive Eu 
anomalies, indicating plagioclase accumulation supporting an interpretation that these 
tonalitic bodies manifest remnants of fractionated magma chambers.  Distinctive “trough-
like” patterns of depleted HREEs are similar to those observed for trondhjemite-tonalite-
granodiorite suites that constitute a volumetrically important component of many 
Archean and post-Archean accreted terranes (Arth and Hanson, 1975; Barker, 1979; Jahn 
et al., 1981; Condie, 2005; Martin et al., 2005; Zhang et al., 2009).  The origin and 
petrogenesis of both Archean and younger tonalite-trondhjemite-granodiorite rocks are 
the subjects of substantial debate and such discussion is beyond the scope of this chapter. 
Intrusive rocks associated with the Late Triassic (229.43 ± 0.08 Ma to 229.13 ± 
0.45 Ma) cycle of magmatism are also subalkaline, but show a prominent mafic tholeiitic 
series character unlike Middle Permian to Early Triassic intrusive rocks (Figure 1.6).  
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Trace element concentrations normalized to normal MORB also show variable depletion 
in high field strength elements typical of a subduction zone setting (Figure 1.7 and 1.8A).  
Convex-up chondrite-normalized REE patterns show variable enrichment and depletion 
of light REE, suggesting magmas generated from a previously depleted mantle source, 
which is a significant distinguishing characteristic compared to older silicic units (Figure 
1.8B).  Two samples exhibit strong positive Eu anomalies, while at least three others 
show slight enrichment in Eu indicating plagioclase fractionation and accumulation 
within these mafic gabbros and diorites. 
The Middle Permian to Early Triassic and Late Triassic episodes of intrusive 
activity recorded in the Cougar Creek Complex correspond, both temporally and 
compositionally, with distinct portions of the volcanic stratigraphy of the Seven Devils 
Group of Vallier (1967, 1977).  However, correlation between intrusive and extrusive 
rocks from the Wallowa arc terrane is preliminary, and requires additional petrogenetic 
investigation of both suites.  The older Middle Permian to Early Triassic (265.35 ± 0.18 
Ma to 248.75 ± 0.08 Ma) episode of silicic calc-alkaline activity corresponds, in part, 
with the known Guadalupian fossil age of the Hunsaker Creek Formation (Vallier, 1967, 
1977).  Given the temporal similarity between these supracrustal rocks and basement 
rocks of the Cougar Creek Complex, it is reasonable to infer that the Middle Permian to 
Early Triassic cycle of magmatism recorded in the Cougar Creek Complex represents the 
corresponding intrusive equivalent of the Hunsaker Creek Formation.  Based on available 
fossil data, the duration of the Hunsaker Creek Formation does not extend into the Early 
Triassic (Vallier, 1967, 1977); however, this formation is truncated by a regional 
unconformity, which separates it from the overlying Middle to Late Triassic Wild Sheep 
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Creek Formation (Vallier, 1967, 1977).  Thus, a significant portion of the volcanic 
carapace equivalent to the Early Triassic intrusive rocks of the Cougar Creek Complex 
may have been removed. 
The younger Late Triassic (229.43 ± 0.08 Ma to 229.13 ± 0.45 Ma) cycle of 
intrusive activity correlates, in part, with the latest Middle to early Late Triassic 
(Ladinian to Carnian) fossil ages of the Wild Sheep Creek Formation of the Seven Devils 
Group (Vallier, 1967, 1977).  The Wild Sheep Creek Formation is conformably overlain 
by the Late Triassic Doyle Creek Formation, and although this stratigraphically higher 
unit is distinguished, these two formations comprise a single conformable sequence 
(Vallier, 1977).  Unfortunately, as with the Hunsaker Creek Formation, precise age 
constraints for the total duration of volcanic activity represented by the Wild Sheep Creek 
and Doyle Creek Formations are not known.  Thus, the full extent of volcanism recorded 
by this assemblage is either greater than what is indicated by our U-Pb ages, or it may 
represent a shorter, more punctuated episode of voluminous igneous activity in the 
Wallowa arc.  The Doyle Creek Formation is unconformably overlain by the Martin 
Bridge Formation, which, based on previously published fossil data, was deposited in the 
earliest Norian (Vallier, 1977).  New paleontological investigations of the Martin Bridge 
Formation show that deposition of this thick reefal carbonate began in the latest Carnian 
(Stanley et al., 2009), and by inference that volcanic activity associated with the Wild 
Sheep Creek and Doyle Creek Formations had slowed or ceased entirely prior to this time 
(Vallier, 1977, 1995; Follo, 1992; Stanley et al., 2009).  These biochronologic data are 
fully consistent with our ages of mafic plutonism in the Cougar Creek Complex, 
considering the most recent calibration of the Triassic time scale (Furin et al., 2006). 
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The Wild Sheep Creek Formation overlies the Hunsaker Creek Formation above a 
regional unconformity that is reported throughout the Wallowa terrane (Vallier, 1977, 
1995).  This large-scale feature coincides temporally with the apparent cessation of 
recorded magmatism in the Cougar Creek Complex from 248.75 ± 0.08 Ma to 229.43 ± 
0.08 Ma.  Tectonic mechanisms responsible for this period of magmatic inactivity and 
extensive erosion will be discussed later in the text. 
The newly identified Late Triassic pulse of magmatism in the Cougar Creek 
Complex necessitates further assessment of 40Ar/39Ar cooling ages reported by Balcer 
(1980) and Snee et al. (1995).  Balcer (1980) analyzed biotite and hornblende separates 
from six samples collected within the Trudy Mountain gneissose unit that yielded Middle 
to Late Triassic cooling ages ranging from 225.8 ± 6.7 Ma to 239.2 ± 7.6 Ma.  These ages 
were interpreted as constraints on the timing of peak metamorphism, which affected these 
“gneissic” rocks.  However, we have shown that compositional layering observed in the 
gneissose unit reflects an intrusive complex rather than being metamorphic in nature 
(Figures 1.3A, B, C, D, and E). Middle to Late Triassic cooling ages, Late Triassic zircon 
crystallization ages, and abundant evidence for the intrusive nature of the gneissose unit 
indicate that 40Ar/39Ar analyses of hornblende record Late Triassic magmatism, rather 
than metamorphism, and have perhaps been variably affected by excess Ar from older 
Middle Permian to Early Triassic intrusive rocks.  Also, the synchrony of magma 
solidification and cooling below the closure temperature of hornblende (~500°C) 
indicates that the Wallowa arc was undergoing fairly rapid uplift during the Late Triassic, 
or intrusive units were emplaced at shallow enough depths that the baseline geotherm 
was relatively cold allowing for rapid heat loss.  Possible rapid exhumation of deeper 
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crustal rocks is also indicated by the presence of plutonic clasts within conglomerate 
units of the Wild Sheep Creek and Doyle Creek Formations of the Seven Devils Group 
(Vallier, 1977; Follo, 1992). 
Snee et al. (1995) combined new and existing thermochronologic and 
geochronologic data from a variety of rock assemblages along the Oregon-Idaho border 
region to build a more comprehensive model for the tectonic development of the Salmon 
River suture zone (Figure 1.2).  Specifically, 40Ar/39Ar cooling ages for samples from the 
Cougar Creek Complex, the Oxbow Complex, and basement rocks exposed near the 
confluence of the Imnaha and Snake rivers were contributed by Balcer (1980) and 
incorporated into their study.  Within their synthesis, Snee et al. (1995) interpreted three 
distinct thermal events that have affected rocks of the Wallowa arc and the Salmon River 
suture zone.  These events include a 244 Ma episode of regional metamorphism, a 227 
Ma intrusive episode, and a later 145 Ma regional magmatic event.   
The 244 Ma metamorphic event delineated by Snee et al. (1995) is based upon 
apparent ages for the total fusion step of hornblende separates from two “amphibolite” 
samples collected in the Trudy Mountain gneissose unit.  However, the validity of these 
analyses is questionable due to the complexity of the Ar release spectra and the 
possibility of significant contributions of excess Ar from Middle Permian to Early 
Triassic intrusive units.  Snee et al. (1995) proposed several alternative interpretations for 
the 227 Ma postmetamorphic episode of intrusive activity, however, they favored 
magmatic cooling due to the less complicated 40Ar/39Ar age spectra of several samples 
that Balcer (1980) collected near the confluence of the Imnaha and Snake rivers and one 
new analysis for a non-deformed tonalite located within the northeastern extension of the 
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Cougar Creek Complex.  Crystallization ages and field relationships presented here 
support and confirm the Late Triassic magmatic event proposed by Snee et al. (1995). 
As briefly mentioned above, Late Triassic 40Ar/39Ar cooling ages have also been 
measured for intrusive rocks at several other locations within the Blue Mountains 
Province, such as the Oxbow Complex, at the confluence of the Imnaha and Snake rivers, 
and in the Sparta Complex (Avé Lallemant et al., 1980; Balcer, 1980; Avé Lallemant et 
al., 1985; Snee et al., 1995).  Walker (1986) generated concordant U-Pb zircon ages for 
samples from these other locations that agree with the 40Ar/39Ar data and also indicate 
magmatic cooling.  Based on these data and the new data presented here, it seems that 
Late Triassic magmatism followed by rapid cooling below ~500°C occurred throughout 
the Wallowa arc. 
 
Deformational History of the Cougar Creek Complex 
Intrusive rocks of the Cougar Creek Complex record episodes of both ductile and 
brittle deformation.  Detailed field investigation, microstructural analysis, and new high-
precision U-Pb geochronology suggest two distinct episodes of deformation.  The older 
deformational event (D1) is recorded in volcanogenic rocks of the Permian 
(Guadalupian) Hunsaker Creek Formation.  This event is characterized by prominent 
foliation, lineations, folding, and other mesoscopic and microscopic structures (Kurz, 
2001).  Structural analysis indicates a dominant right-lateral deformational regime with 
minor left-lateral structures (Kurz, 2001).  The maximum age of this D1 event is broadly 
constrained by the Middle Permian (Guadalupian) fossil age of the Hunsaker Creek 
Formation (Vallier, 1967, 1977).  Later dacite and rhyolite dikes intrude pre-existing 
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foliation and have been subsequently folded indicating that dike emplacement either post-
dates an earlier episode of deformation and pre-dates a second, or that deformation was 
synchronous with the emplacement of these dikes (Kurz, 2001).  A minimum age for the 
D1 event is given by the Late Triassic (c.a. 229.43 ± 0.08 Ma) emplacement of the 
Suicide Point pluton.  The timing of the D1 event coincides with an apparent gap in 
magmatism recorded in the Cougar Creek Complex, and a regional unconformity that 
separates the Hunsaker Creek and Wild Sheep Creek Formations of the Seven Devils 
Group. 
The second deformation event (D2) involves left-lateral mylonitic shearing that 
affected Middle Permian to Early Triassic tonalitic rocks, as well as Late Triassic mafic 
to intermediate intrusive bodies (Figures 1.3A, B, and C). Our D2 event corresponds to 
the D1 event described by Avé Lallemant (1995), and the M1 metamorphic event 
depicted by Kays et al. (2006).  D2 deformation is more intensely recorded in older 
tonalitic rocks relative to intrusive units of the younger cycle of magmatism.  Discrete 
zones of D2 deformation in Late Triassic bodies often exhibit strain gradients, and are 
cross-cut by other weakly deformed mafic to intermediate units.  Age constraints and 
field observations indicate that the D2 event overlaps with the Late Triassic (229.43 ± 
0.08 Ma to 229.13 ± 0.45 Ma) cycle of magmatism. 
Our conclusion that sinistral shearing occurred during active volcanism has 
interesting implications for the magmatic and structural development of the mid-crustal 
portion of an arc-axis environment.  Structural features such as those documented within 
the Cougar Creek Complex could possibly result from pulses of magma that are injected 
into an actively shearing arc-axis environment during oblique subduction.  Strain 
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localization parallel to the longitudinal axis of an active arc is observed in many modern 
arc environments (Allen, 1965; Fitch, 1972; Kaizuka, 1975; Jarrard, 1986).  The Sumatra 
arc is one modern example of where the normal and arc-parallel components of oblique 
convergence are partitioned into the accretionary prism and a large longitudinal strike-
slip fault, respectively (Fitch, 1972; Hayes and Taylor, 1978; Moore and Karig, 1980).  
Other active environments where the arc-parallel component of oblique convergence is 
partitioned include the Marianas, the New Hebrides, the Phillipines, New Zealand, and 
the southern Chilean Andes (McCaffrey, 1996; Cembrano et al., 2000, 2002).  Examples 
of ancient intra-arc environments that record synchronous magmatism and arc-parallel 
strike-slip deformation as a result of oblique convergence or subduction include 1) the 
late Cretaceous proto-Kern Canyon fault zone in the southern Sierra Nevada (Busby-
Spera and Saleeby, 1990), and 2) the late Cretaceous western Idaho shear zone (Giorgis 
et al., 2008).  Ductile shear zones that deform both the Middle Permian to Early Triassic 
and Late Triassic intrusive rocks in the Cougar Creek Complex provide yet another 
example of the interplay between magmatism and deformation within the mid-crustal 
level of an ancient arc. 
Also, within the Cougar Creek Complex, some silicic mylonites display dextral 
kinematic indicators (Kurz, 2001; Kurz and Northrup, 2008), and are also subsequently 
intruded by younger mafic to intermediate units, similar to cross-cutting relationships 
observed in the Trudy Mountain gneissose unit.  Avé Lallemant (1995) also observed 
right-lateral and left-lateral mylonitic shear zones, concluding that the Cougar Creek 
Complex recorded a dominant left-lateral sense of displacement while subordinate right-
lateral mylonites were interpreted as conjugate to the main left-lateral shear zones.  Our 
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observations are consistent with those of Avé Lallemant (1995).  Thus, we associate these 
right-lateral mylonites with the Late Triassic D2 event.  Alternatively, right-lateral 
mylonitic deformation could also be related to the earlier D1 deformational event 
recorded in the Hunsaker Creek Formation, which has been cross-cut and/or partially 
overprinted by the younger D2 event.  Unfortunately, clear cross-cutting relationships 
between sinistral and dextral mylonite zones have not been found, thus, their relative ages 
are not known. 
Juxtaposition and exhumation of the Cougar Creek Complex along the Klopton 
Creek-Hammer Creek-Mount Idaho fault zone and the Kirkwood fault are likely 
associated with the same event, produced during a later stage (Late Cretaceous to Late 
Paleocene) of right-lateral contraction in the region. 
 
Middle Permian to Early Triassic Origins of the Wallowa Arc  
During Middle Permian to Early Triassic time (265.35 ± 0.18 Ma to 248.75 ± 0.08 
Ma), the Wallowa arc was characterized by extensive silicic calc-alkaline volcanism 
manifested by the Windy Ridge and Hunsaker Creek Formations of the Seven Devils 
Group and their intrusive equivalents exposed within the Cougar Creek Complex (Figure 
1.11A; Vallier, 1967, 1977, 1995; Kurz, 2001).  Portions of the Clover Creek Greenstone 
of Gilluly (1937) exposed in the Wallowa Mountain are correlative with the Hunsaker 
Creek Formation (Vallier, 1977).  During this period of time, the tectonic model of 
Vallier (1995) suggests northwest directed subduction beneath a southeast-facing arc that 
was lithologically diverse and undergoing significant uplift.  Trondhjemite, quartz diorite, 
and gabbro clasts within conglomerate units of the Hunsaker Creek Formation document 
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synchronous uplift and erosion of older basement rocks at this time (Wetherell, 1960; 
Vallier, 1967, 1977). 
Existing paleomagnetic data for strata of the Hunsaker Creek Formation place the 
Wallowa arc in the northern hemisphere at paleolatitudes ranging from 26° ± 9° N. to 24° 
± 12° N. (Harbert et al., 1995; Figure 1.11A).  Harbert et al. (1995) also used the coring 
location from their study to determine the paleolatitude for the final accretion site of the 
Wallowa terrane on the North American craton.  Using the apparent polar wander path 
(APWP) of Irving and Irving (1982) for the time interval from approximately 268 Ma to 
232 Ma (roughly the interval of time represented by the Hunsaker Creek Formation), 
Harbert et al. (1995) concluded that the site of accretion for the Wallowa arc ranged 
between 13.5° N. at 268 Ma to 17° N. at 232 Ma (Figure 1.11A).  Paleomagnetic data for 
the Hunsaker Creek and its accretion site on North America show that during the Middle 
Permian (~268 Ma) the Wallowa arc may have been located at or very near to the latitude 
of its final accretion site on the North American craton, or up to 22.5° north of that 
location. 
 
Post-Early Triassic to Late Triassic Modification of the Wallowa Arc 
From the Early Triassic to Late Triassic (248.75 ± 0.08 M to 229.43 ± 0.08 Ma), 
the Wallowa arc was magmatically inactive.  This cessation of volcanic activity is 
expressed by 1) a noticeable hiatus between two geochemically distinct episodes of 
igneous activity, and 2) a well-developed regional unconformity between the Middle 
Permian Hunsaker Creek Formation and the Middle to Late Triassic Wild Sheep Creek 
Formation of the Seven Devils Group (Vallier, 1967, 1977).  Deformation associated 
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with the D1 contractional event is also broadly constrained within this period of time.  
The coincidental cessation of magmatism, deformation of Permian volcanic rocks, and 
regional uplift and exhumation of the Wallowa arc may have resulted from a number of 
mechanisms, including: 1) increased rates of plate convergence, 2) shallowing subduction 
angle, or 3) arc collision with a high oceanic plateau, a small oceanic micro-continent, or 
an active spreading ridge (Vallier, 1995; Ziegler et al., 1998; Cole and Stewart, 2009). 
In the Middle and Late Triassic (229.43 ± 0.08 Ma to 229.13 ± 0.45 Ma) 
magmatism was renewed within the Wallowa arc, generating voluminous mafic to 
intermediate magmas derived from a previously depleted source (Vallier, 1977, 1995).  
This distinct cycle of igneous activity is manifested by the Wild Sheep Creek and Doyle 
Creek Formations of the Seven Devils Group (Vallier, 1977, 1995), and by their intrusive 
equivalents exposed in the Cougar Creek Complex.  Portions of the Clover Creek 
Greenstone of Gilluly (1937) are also Triassic in age and are perhaps correlative with 
Middle to Late Triassic supracrustal rocks of the Seven Devils Group (Vallier, 1977, 
1995).  Major and trace element data associated with this younger cycle of magmatism 
are dominantly tholeiitic and, more importantly, imply derivation from a previously 
depleted source that contrasts with the geochemical characteristics of the older Middle 
Permian to Early Triassic cycle of volcanic activity.  Previous studies have focused on a 
range of first order controls responsible for the production of tholeiitic versus calc-
alkaline magma types in arc settings.  Some of these controls may include, but are not 
limited to, arc crustal thickness, depth of fractional crystallization, and/or differing 
parental magmas (Miyashiro, 1974; Kay et al., 1982; Grove and Baker, 1984; Miller et 
al., 1992).  Given that the change from dominantly silicic calc-alkaline magmatism to 
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mafic and intermediate tholeiitic volcanic activity occurred after the Wallowa arc had 
undergone significant D1 deformation, uplift, and erosion suggests that crustal thinning 
played an important role in the subsequent magmatic evolution of the arc.  Following 
extensive crustal thinning, Late Triassic magmas would have likely experienced lesser 
crustal residence times (Miyashiro, 1974; Kay et al., 1982) and perhaps shallower crystal 
fractionation (Grove and Baker, 1984), producing tholeiitic compositions. Although Late 
Triassic mafic intrusive units may be characterized as tholeiitic (Figure 1.6D), their 
geochemical distinction from older silicic units in the Cougar Creek Complex relies more 
heavily on their depleted LREE characteristics (Figure 1.7). 
During the Middle to Late Triassic time interval, the geologic evolution of 
Wallowa arc terrane has been described within the context of two differing tectonic 
models.  The first model describes the Wallowa and the Olds Ferry arcs as two 
temporally distinct phases of volcanic activity within a single composite arc system 
(Vallier, 1977; Brooks and Vallier, 1978; White et al., 1992; Vallier, 1995).  The second 
tectonic model interprets the simultaneous development of the Wallowa and Olds Ferry 
arcs as two distinct magmatic arcs within a doubly-convergent Molucca Sea-type arc-arc 
collision (Dickinson and Thayer, 1978; Dickinson, 1979; Avé Lallemant et al., 1980, 
1985; Mortimer, 1986; Follo, 1992; Avé Lallemant, 1995; Dorsey and LaMaskin, 2007).  
Following from the second model, we propose that the subduction of a spreading ridge 
could provide a more complete explanation for the post-Early Triassic to Late Triassic 
magmatic and structural evolution of the Wallowa terrane.  Documented episodes of 
spreading ridge subduction commonly result in: 1) contractional deformation related to 
convergence with a spreading center, 2) a distinct period of volcanic inactivity, 3) 
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magmatism in the forearc and accretionary prism settings, and 4) a switch from calc-
alkaline to tholeiitic and/or alkalic magmatism in the forearc, arc, and backarc 
environments where the resulting magmatic products are similar to N-MORB, E-MORB, 
OIB, and/or adakites (see Cole and Stewart, 2009; and references therein).  Each of the 
described phenomena have parallels in the Wallowa arc terrane. 
Post-Early Triassic D1 deformation, regional uplift and erosion of the Wallowa 
arc, and the apparent cessation of magmatic activity manifest several of the described 
responses to ridge subduction.  Although magmatism in the forearc and accretionary 
prism is also a hallmark in documented cases of spreading ridge subduction, specific data 
related to this type of igneous activity is not presented here.  However, early Late and 
Late Triassic intrusive bodies are reported within portions of the Baker terrane 
accetionary complex as fault-bounded tectonic slices (Ferns and Brooks, 1995; Vallier, 
1995; Walker, 1995; Schwartz et al., 2010), which may represent plutons associated with 
spreading ridge subduction that have been structurally overprinted during the 
amalgamation and accretion of the Blue Mountains Province.  Furthermore, geochemical 
characteristics of renewed Middle to Late Triassic mafic to intermediate magmatism in 
the Wallowa terrane contrast sharply with Middle Permian to Early Triassic silicic calc-
alkaline activity, showing depleted trace element characteristics similar to mid-ocean 
ridge basalts (Figures 1.6 and 1.7). 
Late Triassic intrusive rocks from the Cougar Creek Complex are tholeiitic, show 
variable light REE enrichment and depletion, and exhibit convex-up REE patterns similar 
to average D-MORB, suggesting that they originated from a depleted source material 
(Figures 1.6, 1.7, and 1.8).  Normal MORB and chondrite-normalized trace element 
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patterns for Late Triassic rocks of the Cougar Creek Complex are compared with the late 
Paleocene to Eocene Caribou Creek volcanics of southern Alaska (Cole et al., 2006; Cole 
and Stewart, 2009).  The Caribou Creek volcanic field is associated with slab window 
volcanism that resulted from the subduction of a spreading ridge beneath the Talkeetna 
arc (Cole et al., 2006).  This comparison illustrates that Late Triassic intrusive rocks of 
the Cougar Creek Complex were derived from a depleted source with an imprint of 
subduction zone enrichment similar in character and possible process to the Caribou 
Creek volcanics. 
During renewed Late Triassic magmatism in the Cougar Creek Complex, left-
lateral ductile deformation was accommodated by mid-crustal intra-arc mylonitic shear 
zones produced during sinistral-oblique convergence (Figure 1.11C).  This deformation is 
constrained by new Late Triassic U-Pb crystallization ages for mafic and intermediate 
intrusive bodies.  Left-lateral motion related to left-lateral oblique subduction supports 
the southward transport of the Wallowa arc relative to Olds Ferry arc and North America 
at this time (Avé Lallemant and Oldow, 1988).   
Late Triassic 40Ar/39Ar cooling ages for hornblende also coincide with 
magmatism and deformation (Balcer, 1980; Snee et al., 1995).  The synchrony of 
crystallization, deformation, and cooling of middle crustal material suggests fairly rapid 
exhumation of the Wallowa arc at this time.  This rapid exhumation of deeper crustal 
rocks is also indicated by the presence of plutonic clasts within conglomerate units of the 
Wild Sheep Creek and Dolye Creek Formations of the Seven Devils Group (Vallier, 
1977).  Follo (1992) also describes abundant plutonic clasts as a distinguishing 
characteristic of the upper portion of the Doyle Creek Formation, and indicates that they 
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were most likely shed from the dissected magmatic roots of the Wallowa arc during a 
period of magmatic quiescence.  This rapid uplift may represent an extensional response 
to the overriding of the spreading ridge by the Wallowa arc, or the initiation of 
convergent interactions with the Olds Ferry arc as the intervening ocean basin closed. 
 
Possible Associations with Wrangellia 
Correlations between Paleozoic to Mesozoic accreted terranes along the western 
North American Cordillera have been historically difficult, due in part, to the paucity of 
geochronologic and geochemical constraints.  The Wallowa arc terrane has been 
correlated with the Wrangellia terrane exposed in the Vancouver Islands of British 
Columbia and in the Wrangell Mountains of southeastern Alaska (Jones et al., 1977; 
Hillhouse et al., 1982; Wernicke and Klepacki, 1988; Dickinson, 2004).  However, this 
association has been questioned on the basis of differing lithologic and stratigraphic 
characteristics, and limited geochemical data (Mullen and Sarewitz, 1983; Sarewitz, 
1983; Scheffler, 1983; Mortimer, 1986). 
Previous and more recent work involving the geochemistry (Greene et al., 2008, 
2009, 2009, In Press), geochronology (Mortensen and Hulbert, 1991; Lassiter, 1995; 
Bittenbender et al., 2007; Schmidt and Rogers, 2007), and paleontology (Smith and 
MacKevett, 1970; Read and Monger, 1976; MacKevett, 1978; Muttoni et al., 2004; Israel 
et al., 2006; Brack et al., 2008) for constituent Middle to Late Triassic rocks of 
Wrangellia reveal important and useful data that help to clarify its relationship to other 
accreted terranes to the south.  Wrangellia and the Wallowa terranes share several 
common characteristics in terms of their general lithostratigraphy, including Late 
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Paleozoic arc and marine sequences that are truncated by a regional unconformity and 
subsequently overlain by voluminous, predominantly mafic volcanic sequences.  Older 
portions of the basalt sequences are bracketed by or contain middle to late Ladinian 
Daonella fossils, and are overlain by latest Carnian to early Norian limestone formations.  
ID-TIMS U-Pb zircon ages and 40Ar/39Ar closure temperature ages for Late Triassic 
igneous rocks from both the Wallowa and Wrangellia terranes are also nearly 
synchronous within respective uncertainties. 
Massive tholeiitic subaerial flood basalts of the Middle to Late Triassic Nikolai 
Formation were erupted over a relatively short period of time, constructing a prominent 
oceanic plateau, which records the compositional evolution of a voluminous melting 
event that took place beneath an extinct Late Paleozoic island arc (Greene et al., 2009).  
The Nikolai Formation consists of two separate lava types.  Stratigraphically lower flows 
are low-titanium basalts that show prominent negative HFSE anomalies typical of a 
subduction environment.  Flows comprising the upper portion of the Nikolai stratigraphy 
are high-titanium basalts that do not exhibit HFSE depletions and are more LREE 
enriched.  By comparison, in the Wallowa terrane, voluminous basalt, basaltic andesite, 
and andesite flows of the Wild Sheep Creek Formation are estimated at a maximum 
thickness of 2,500 meters (Vallier, 1977), and are interpreted to be temporally correlative 
with the Nikolai Formation.  Late Triassic mafic to intermediate igneous rocks of the 
Cougar Creek Complex are inferred to represent the intrusive equivalents to the Wild 
Sheep Creek.  Normal MORB and chondrite-normalized trace element patterns for mafic 
and intermediate rocks of the Cougar Creek Complex are intermediate between the 
compositions of low-titanium and high-titanium basalts of the Nikolai Formation (Figures 
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1.7 and 1.8).  We hypothesize that geochemical similarities between Middle to Late 
Triassic voluminous mafic and intermediate volcanism in the Wallowa and Wrangellia 
terrnaes may be linked through the common mechanism of spreading-ridge subduction.  
Hole et al. (1991) compared geochemical characteristics of volcanic rocks erupted above 
slab windows from the Antarctic Peninsula, northern Baja California, and British 
Columbia and determined that these lavas are geochemically indistinguishable from some 
ocean-island and plume-related basalts.  Large-scale mantle upwelling and associated 
decompressional melting though an opening slab window of a subducted spreading-ridge 
may have contributed to the generation of voluminous basaltic magmas in both the 
Wallowa and Wrangellia terranes.  This hypothesis may better explain the synchronous 
mafic magmatism along a significant length of the convergent margin.  
 
Conclusions 
New and previously published geochemical data coupled with new high-precision 
U-Pb ages for intrusive rocks of the Cougar Creek Complex facilitate a better 
understanding of the magmatic and deformational history of the Cougar Creek Complex 
and the Wallowa island arc system.  Detailed mesoscopic and microscopic investigations 
of rocks from the Trudy Mountain “gneissose” unit clarify the intrusive nature of 
prominent compositional layering within this unit.  We have shown that intrusive rocks of 
the Cougar Creek Complex record two temporally and compositionally distinct cycles of 
magmatism.  From the Middle Permian to the Early Triassic (265.35 ± 0.18 Ma to 248.75 
± 0.08 Ma), the Wallowa arc was dominated by silicic calc-alkaline magmatism.  
Tonalitic screens related to this episode of igneous activity are similar to tonalite-
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trondhjemite-granodiorite rock suites that comprise a volumetrically significant 
component of many Archean and post-Archean accreted terranes.  From the Early to Late 
Triassic (248.75 ± 0.08 M to 229.43 ± 0.08 Ma), subduction processes shut down in the 
Wallowa arc.  This volcanic inactivity is manifested by an apparent hiatus in recorded 
magmatism in the Cougar Creek Complex, and the formation of a regional unconformity 
that separates correlative supracrustal rocks of the Seven Devils Group (Vallier, 1967, 
1977).  D1 deformation coincides with the cessation of magmatism and large-scale uplift 
and erosion of the Wallowa arc.  In the Late Triassic (229.43 ± 0.08 Ma to 229.13 ± 0.45 
Ma), mafic to intermediate tholeiitic magamatism was renewed in the Wallowa arc.  
Large-scale uplift and erosion of the Wallowa arc recorded in conglomeratic units of the 
Hunsaker Creek Formation, D1 deformation, cessation of arc-axis magmatism, and 
renewed tholeiitic magmatism possibly reflect the subduction of a spreading ridge 
beneath the overriding Wallowa arc. 
New U-Pb ages for magmatic zircon from Late Triassic intrusive rocks constrain 
synmagmatic D2 left-lateral mylonitic shearing resulting from sinistral-oblique 
subduction.  These data indicate that the Wallowa arc was being transported in a 
southerly direction relative to the Olds Ferry arc and North America at that time, in an 
excellent example of how deformation is accommodated in the middle crust of an active 
arc-axis environment.  During this interval of time, the Wallowa arc was undergoing 
rapid uplift indicated by Late Triassic 40Ar/39Ar hornblende cooling ages and abundant 
intrusive clasts in conglomerate units of the Wild Sheep Creek and Doyle Creek 
Formations.  Existing paleomagnetic data for supracrustal rocks of the Seven Devils 
Group constrain the Wallowa arc within the northern hemisphere during the Permian and 
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Late Triassic, and provide supporting evidence that initial convergent interactions 
between the Wallowa and Olds Ferry arcs had begun in the Late Triassic. 
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Table 1.1. Summary of Samples and Corresponding 206Pb/238U Ages. 
 
Sample Geologic UTM 206Pb/238U  Probab. 
Identification Map Unit Coordinates* Age (Ma) MSWD Of Fit n 
________________________________________________________________________________________________ 
 
CC08-06 Trudy Mountain Gneissose Unit 11U 541987 5050811 262.69±0.10 1.6 0.19 4 of 11 
CC08-03 Trudy Mountain Gneissose Unit 11U 541992 5050640 262.80±0.17 0.6 0.55 3 of 8 
CC-8-3-1 Triangle Mountain Pluton 11U 542133 5047549 254.21±0.14 1.05 0.38 5 of 5 
CC08-01 Trudy Mountain Gneissose Unit 11U 541982 5050986 248.75±0.08 0.85 0.47 4 of 9 
CC07-02 Suicide Point Pluton 11U 537146 5043966 229.43±0.08 0.62 0.76 9 of 13 
CC07-04  Suicide Point Pluton 11U 537146 5043966 229.43±0.08 0.62 0.76 9 of 13 
CC08-05 Trudy Mountain Gneissose Unit 11U 541991 5050521 229.37±0.08 0.81 0.52 5 of 5 
CC-7-17-1 Klopton Creek Pluton 11U 543746 5052864 229.13±0.45 7.0 <0.05 6 of 8 
________________________________________________________________________________________________ 
* Universal Transverse Mercator (UTM) coordinates listed in the order of Zone Easting Northing. 
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Figure 1.1. Regional geologic map of the Blue Mountains Province BMP, modified 
after Dorsey and LaMaskin (2007), Dickinson (1979), Follo (1992), Vallier (1995), 
and Gray and Oldow (2005).  BC, Baker City; BMB, Bald Mountain Batholith; 
CMC, Canyon Mountain Complex; CM, Cuddy Mountains; IMC, Imnaha 
Complex; IM, Ironside Mountain; IB, Idaho Batholith; IZ, Izee; JM, Juniper 
Mountain; H, Huntington; O, Oxbow; OC, Oxbow Complex; WM, Wallowa 
Mountains; SC, Sparta Complex; WISZ, Western Idaho Shear Zone; SDM, Seven 
Devils Mountains; CCC, Cougar Creek Complex. 
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Figure 1.2. Geologic Map of the Cougar Creek Complex. 
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Figure 1.3. Mesoscopic and Microscopic Contact Relationships between Intrusive 
Rocks in the Trudy Mountain Gneissose Unit. A and B) Mesoscopic and microscopic 
photographs, respectively, of intrusive relationship between deformed tonalite 
screens and later mafic intrusion. C) Photomicrograph of mafic rock truncating 
well-developed left-lateral deformational fabric in recrystallized quartz. D) 
Intrusive relationship between non-deformed gabbro and deformed tonalite screen 
(sample CC08-03). E) Partial melting of deformed tonalite screen by intruding 
gabbroic magma. 
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Figure 1.4. Mesoscopic Contact Relationships between Intrusive Rocks in the 
Kirkwood Creek Unit. A) Field photograph of anastomosing dikes and silicic 
screens within the Kirkwood Creek unit at Kirkwood Bar, Idaho.  B) Field 
photograph of an outcrop-scale intrusive relationship between a deformed silicic 
dike/screen and a younger mafic dike in the Kirkwood Creek unit south of 
Kirkwood Bar on the Idaho side of the Snake River. 
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Figure 1.5. Mesoscopic Contact Relationships and Textures for the Suicide Point 
Gabbro. A) Field photograph of contact between Suicide Point gabbro (sample 
CC07-02) and a cross-cutting diorite dike (sample CC07-04).  B) Field photograph 
of subvertical small-scale layering within gabbro at Suicide Point. 
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Figure 1.6. Major element geochemical diagrams for intrusive rocks from the 
Cougar Creek Complex. (A) Total alkali versus silica; (B) iron number (Fe*) versus 
silica (Frost et al., 2001); (C) modified alkali-lime index (MALI) versus silica (Frost 
et al., 2001); (D) AFM ternary diagram. The dividing line between alkaline and 
subalkaline fields (B) and tholeiitic and calc-alkaline fields (A) are from Irvine and 
Baragar (1971). 
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Figure 1.7. Spider and REE diagrams for Middle Permian to Early Triassic silicic 
intrusives (top panels) and Late Triassic mafic to intermediate units (bottom panels) 
of the Cougar Creek Complex. Light-gray shaded areas in the top panels represent 
tonalite-trondhjemite-granodiorite suite rocks of the Huanglingmiao suite from 
southern China (Zhang et al., 2009). Light-gray shaded areas in the bottom panels 
represent trace element and REE patterns for basaltic to andesitic rocks of the 
Caribou Creek volcanic field of southern Alaska (Cole et al., 2006), and are 
associated with the subduction of a spreading ridge.  Dark-gray shaded areas 
represent trace element and REE patterns of low-titanium basalts from the Nikolai 
Formation in the Kluane Ranges, Yukon (Greene et al., 2009), and are associated 
with voluminous flood basalts of a segment of the accreted Triassic Wrangellia 
oceanic plateau.  Vertically-hatched areas illustrate trace element and REE patterns 
of high-titanium basalts from the Nikolai Formation (Greene et al., 2009).  Average 
depleted MORB from Salters and Stracke (2004) is shown as a black bolded trace 
and is labeled on the lower panels.  Normal MORB and chondrite normalizing 
values are from Sun and McDonough (1989). 
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Figure 1.8. Normal MORB-normalized La/Nb vs La/Yb (A) and chondrite-
normalized La/Sm vs La/Yb (B) for Late Triassic mafic to intermediate samples 
from the Cougar Creek Complex.  Refer to Figure 1.7 for description of comparison 
fields.  The large black square depicts average D-MORB from Salters and Stracke 
(2004).  Normal MORB and chondrite normalizing values are from Sun and 
McDonough (1989). 
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Figure 1.9. Ta-Yb discriminant diagrams for syn-collision granites (syn-COLG), 
volcanic arc granites (VAG), within plate granites (WPG), and ocean ridge granites 
(ORG; after Pearce et al., 1984).  Dashed line represents the upper boundary for 
compositionally anomalous ridge segments.  Sample symbology same as Figure 1.7. 
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Figure 1.10. U-Pb concordia diagrams of magmatic zircon for samples from the 
Cougar Creek Complex.  Zircon analyses included in the calculation of the weighted 
mean 206Pb/238U crystallization age are represented by solid bold outlines.  Zircon 
analyses that are interpreted as antecryst grains (Miller et al., 2007) are depicted by 
dashed outlines.  Grayed zircon analyses were not used in any age calculation.  The 
gray band surrounding concordia illustrates the effects of uncertainty related to 
decay-constants on the position of concordia.  Bar charts located to the right of each 
concordia diagram show the distribution of 206Pb/238U ages and its height depicts 
their associated uncertainties.  The gray band set behind each group represents the 
weighted mean of those analyses where the height, again, illustrates the related 
uncertainty.  Line-type designations on bar charts mimic those described for the 
concordia diagrams. 
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Figure 1.10. Continued. 
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Figure 1.11. Tectonic model for the Middle Permian through Late Triassic geologic 
evolution of the Wallowa arc and its initial interactions with the Olds Ferry arc 
system. 
 
 61 
References 
Allen, C., 1965, Transcurrent faults in continental areas: Royal Society of London 
Philosophical Transactions, Series A, v. 258, p. 82-89. 
Arth, J.G., and Hanson, G.N., 1975, Geochemistry and origin of the early Precambrian 
crust of northeastern Minnasota: Geochimica et Cosmochimica Acta, v. 30, p. 
325-362. 
Avé Lallemant, H.G., 1995, Pre-Cretaceous tectonic evolution of the Blue Mountains 
Province, northeastern Oregon, in Vallier, T.L., and Brooks, H.C., eds., Geology 
of the Blue Mountains region of Oregon, Idaho, and Washington: petrology and 
tectonic evolution of pre-Tertiary rocks of the Blue Mountains region: U.S. 
Geological Survey Professional Paper 1438, p. 271-304. 
Ave Lallemant, H.G. and Oldow, J.S., 1988, Early Mesozoic southward migration of 
Cordilleran transpressional terranes: Tectonics, v. 7, p. 1057-1075. 
Avé Lallemant, H.G., Phelps, D.W., and Sutter, J.F., 1980, 40Ar/39Ar ages of some pre-
Tertiary plutonic and metamorphic rocks of eastern Oregon and their geologic 
relationships: Geology, v. 8, p. 371-374. 
Avé Lallemant, H.G., Schmidt, W.J., and Kraft, J.L., 1985, Major Late-Triassic strike-
slip displacement in the Seven Devils terrane, Oregon and Idaho: a result of left-
oblique plate convergence: Tectonophysics, v. 119, p. 299-328. 
Balcer, D.E., 1980, 40Ar/39Ar ages and REE geochemistry of basement terranes in the 
Snake River canyon, northeast Oregon – western Idaho [M.S. Thesis]: Columbus, 
Ohio State University, 111 p. 
Barker, F., 1979, Trondhjemite: definition, environment and hypotheses of origin. In: 
Barker, F., (Ed.) Trondhjemites, Dacites, and Related Rocks. Elsevier, 
Amsterdam, p. 1-12. 
Bittenbender, P.E., Bean, K.W., Kurtak, J.M., Deninger Jr., J., 2007, Mineral assessment 
of the Delta River Mining District area, east-central Alaska.  U.S. Bureau of Land 
Management-Alaska, Technical Report 57, p. 676. 
Brooks, H.C., and Vallier, T.L., 1978, Mesozoic rocks and tectonic evolution of eastern 
Oregon and western Idaho, in Howell, D.G., and McDougall, K.A., eds., 
Mesozoic paleogeography of the western United States: Society of Economic 
Paleontologists and Mineralogists, Pacific Section, Paleogeography Symposium 
2, p. 133-145. 
Brooks, H.C., McIntyre, J.R., and Walker, G.W., 1976, Geology of the Oregon Part of 
the Baker 1-degree by 2-degree Quadrangle: Oregon Department of Geology and 
Mineral Industries, GMS-7, scale 1:250,000. 
 62 
Boudreau, A.E., 1987, Pattern formation in during crystallization and the formation of 
fine-scale layering: NATO ASI Series C, v. 196, in Parsons, I., ed., Origins of 
Igneous Layering, p. 453-471. 
Bowring, S.A., and Schmitz, M.S., 2003, High-precision U-Pb zircon geochronology and 
the stratigraphic record: Mineralogical Society of America Annual Reviews in 
Mineralogy and Geochemistry, v. 53, p. 305-326. 
Brack, P., Reiber, H., Nicora, A., Mundil, R., 2008. The Global boundary Stratotype 
Section and Point (GSSP) of the Ladinian Stage (Middle Triassic) at Bagolino 
(Southern Alps, Northern Italy) and its implications for the Triassic time scale. 
Episodes, v. 117, p. 233–244. 
Busby-Spera, C., and Saleeby, J.B., 1990, Intra-arc strike-slip fault exposed at batholitic 
levels in the southern Sierra Nevada, California: Geology, v. 18, p. 255-259. 
Cembrano, J., Schermer, E., Sanhueza, A., Lavenu, A., 2000. Along strike-variations in 
the nature and timing of deformation along an intra-arc shear zone, the Liquin˜e 
Ofqui fault zone, southern Chilean Andes: Tectonophysics, v. 319, 129– 149. 
Cembrano, J., Lavenu, A., Reynolds, P., Arnacibia, G., López, G., and Sanhueza, A., 
2002, Late Cenozoic transpressional ductile deformation north of the Nazca–
South America–Antarctica triple junction: Tectonophysics, v. 354 p. 289-314. 
Cole, R.B., Nelson, S.W., Layer, P.W., Oswald, P.J., 2006, Eocene volcanism above a 
depleted mantle slab window in southern Alaska: Geological Society of America 
Bulletin, v. 118, p. 140-158. 
Cole, R.B., and Stewart, B.W., 2009, Continental margin volcanism at sites of spreading 
ridge subduction: Examples from southern Alaska and western California: 
Tectonophysics, v. 464, p. 118-136. 
Condie, K.C., 2005, TTGs and adakites: are they both slab melts?: Lithos, v. 80, p. 33-44. 
Crowley, J.L., Schoene, B., Bowring, S.A., 2007, U-Pb dating of zircon in the Bishop 
Tuff at the millennial scale: Geology, v. 35, p. 1123-1126. 
Dickinson, W.R., 1979, Mesozoic forearc basin in central Oregon: Geology, v. 7, no. 4, 
p. 166-170. 
Dickinson, W.R., 2004, Evolution of the North America Cordillera: Annual Review of 
Earth and Planetary Sciences, v. 32, p. 13-45. 
Dickinson, W.R., and Thayer, T.P., 1978, Paleogeographic and paleotectonic 
implications of Mesozoic stratigraphy and structure in the John Day inlier of 
central Oregon, in Howell, D.G., and McDougall, K.A., eds., Mesozoic 
paleogeography  of the western United States: Society of Economic 
 63 
Paleontologists and Mineralogists, Pacific Section, Paleogeography Symposium 
2, p. 147-161. 
Dorsey, R.J., and LaMaskin, T.A., 2007, Stratigraphic record of Triassic-Jurassic 
collisionaltectonics in the Blue Mountains Province, Northeastern Oregon. 
American Journal of Science, v. 307, p. 1167-1193. 
Ferns, M.L., and Brooks, H.C., 1995, The Bourne and Greenhorn subterranes of the 
Baker terrane, northeastern Oregon: Implications for the evolution of the blue 
Mountains island-arc system: in Vallier, T.L., and Brooks, H.C., eds., Geology of 
the Blue Mountains region of Oregon, Idaho, and Washington: petrology and 
tectonic evolution of pre-Tertiary rocks of the Blue Mountains region: U.S. 
Geological Survey Professional Paper 1438, p. 331-358. 
Fitch, T.J., 1972, Plate convergence, transcurrent faults, and internal deformation 
adjacent to southeast Asia and the western Pacific. Journal of Geophysical 
Research, v. 77, p. 4432-4460. 
Fitzgerald, J.E., 1982, Geology and basalt stratigraphy of the Wiser Embayment, west-
central Idaho, in Bonnichsen, B., and Breckenridge, R.M., Cenozoic geology of 
Idaho: Idaho Bureau of Mines and Geology Bulletin, no. 26, p. 103-128. 
Follo, M.F., 1992, Conglomerates as clues to the sedimentary and tectonic evolution of a 
suspect terrane: Wallowa Mountains, Oregon: Geological Society of America 
Bulletin, v. 104, p. 1561-1576. 
Frost, B.R., Barnes, C.G., Collins, W.J., Arculus, R.J., Ellis, D.J., and Frost, C.D., 2001, 
A geochemical classification for granitic rocks: Journal of Petrology, v. 42, p. 
2033-2048. 
Furin, S., Preto, N., Rigo, M., Roghi, G., Gianolla, P., Crowley, J.L., and Bowring, S.A., 
2006, High-precision U-Pb zircon age from the Triassic of Italy: Implications for 
the Triassic time scale and the Carnian origin of calcareous nannoplankton and 
dinosaurs: Geology, v. 34, p. 1009-1012. 
Garwood, D.L., Schmidt, K.L., Kaufmann, J.D., Stewart, D.E., Lewis, R.S., Othberg, 
K.L., Wampler, P.J., 2008, Geologic Map of the White Bird Quadrangle, Idaho 
County, Idaho: Idaho Geologic Survey Digital Web Map 101. 
Gerstenberger, H., and Haase, G., 1997, A highly effective emitter substance for mass 
spectrometric Pb isotope ratio determinations: Chemical Geology 136:309-312. 
Gilluly, J., 1937, Geology and mineral resources of the Baker quadrangle, Oregon: U.S. 
Geological Survey Professional Paper 175-C, 16 p. 
Giorgis, S., McClelland, W., Fayan, A., Singer, B.S., and Tikoff, B., 2008, Timing of 
deformation and exhumation in the western Idaho shear zone, McCall, Idaho: 
 64 
Geological Society of America Bulletin, v. 120, p. 1119-1133, doi: 
10.1130/B26291.1 
Gray, K.D., and Oldow, J.S., 2005, Contrasting structural histories of the Salmon River 
belt and Wallowa terrane: Implications for terrane accretion in northeastern 
Oregon and west-central Idaho: Geological Society of America Bulletin, v. 117, 
p. 687–706, doi: 10.1130/B25411.1. 
Green, A.R., Scoates, J.S., Weis, D., 2008, Wrangellia flood basalts in Alaska: A record 
of plume-lithosphere interaction in a Late Triassic accreted oceanic plateau: 
Geochemistry, Geophysics, Geosystems, v. 9, doi:10.1029/2008GC002092. 
Green, A.R., Scoates, J.S., Weis, D., Israel, S., 2009, Geochemistry of Triassic flood 
basalts from the Yukon (Canada) segment of the accreted Wrangellia oceanic 
plateau: Lithos, v. 110, p. 1-19. 
Greene, A.R., Scoates, J.S., Weis, D., Nixon, G.T., Kieffer, B., 2009, In Press, Melting 
history and magmatic evolution of basalts and picrites from the accreted 
Wrangellia oceanic plateau, Vancouver Island, Canada: Journal of Petrology. 
Doi:10.1093/petrology/egp008. 
Grove, T.L., and Baker, M.B., 1984, Phase-equilibrium controls on the tholeiitic versus 
calc-alkaline differentiation trends: Journal of Geophysical Research, v. 89, p. 
3253-3274. 
Harbert, W., Hillhouse, J., and Vallier, T.L., 1995, Paleomagnetism of the Permian 
Wallowa terrane, Oregon – Implications for terrane migration and orogeny: 
Journal of Geophysical Research, v. 100, p. 12,573-12,588.. 
Hayes, D.E., and Taylor, B., 1978, Tectonics, in Hayes, D.E., compiler, A geological 
atlas of the east and southeast Asian seas: Geological Society of America Map 
and Chart Series, MC-25. 
Hillhouse, J.W., Gromme, C.S., and Vallier, T.L., 1982, Paleomagnetism and Mesozoic 
tectonics of the Seven Devils volcanic arc in northeastern Oregon: Journal of 
Geophysical Research, B, Solid Earth and Planets, v. 87, p. 3777-3794. 
Hole, M.J., Rogers, G., Saunders, A.D., Storey, M., 1991, Relation between alkalic 
volcanism and slab-window formation. Geology, v. 19, p. 657-660. 
Irvine, T.N., and Baragar, W.R.R., 1971, A guide to the chemical classification of 
common volcanic rocks: Canadian Journal of Earth Sciences, v. 8, p. 523-548. 
Irving, E., and Irving, G.A., 1982, Apparent polar wander paths, Carboniferous through 
Cenozoic and the assembly of Gondwana: Geophysical Surveys, v. 5, p. 141-188. 
Israel, S., Tizzard, A., Major, J., 2006. Bedrock geology of the Duke River area, parts of 
NTS 115G/2, 3, 4, 6 and 7, southwestern Yukon. In: Emond, D.S., Bradshaw, 
 65 
G.D., Lewis, L.L., Weston, L.H. (Eds.), Yukon Exploration and Geology 2005, 
Yukon Geological Survey, p. 139-154. 
Jackson, J.A., 1997, Glossary of Geology: Alexandria, Virginia, American Geological 
Institute, 769 p. 
Jaffey, A.H., Flynn, K.F., Glendenin, L.F., Bentley, W.C., Essling, A.M., 1971, Precision 
measurements of half-lives and specific activities of 235U and 238U. Physical 
Review C 4 (1971), p. 1889-1906. 
Jahn, B.M., Gikson, A.Y., Peucat, J.J., and Hickman, A.H., 1981, REE geochemistry and 
isotopic data of Archean silicic volcanics and granitoids from the Pilbara Block, 
Western Australia: implications for the early crustal evolution: Geochimica et 
Cosmochimica Acta, v. 45, p. 1633-1652, 
Jones, D.L., Silberling, N.J, and Hillhouse, J.W., 1977, Wrangellia–a displaced terrane in 
northwestern North America: Canadian Journal of Earth Sciences, v.14, p. 2565-
2577. 
Kay, S.M., Kay, R.W., and Citron, G.P., 1982, Tectonic controls on tholeiitic and calc-
alkaline magmatism in the Aleutian arc: Journal of Geophysical Research, v. 87, 
p. 4051-4072. 
Kays, M.A., Stimac, J.P., Goebel, P.M., 2006, Permian-Jurassic growth and 
amalgamation of the Wallowa composite terrane, northeastern Oregon, in Snoke, 
A.W., and Barnes, C.A., eds., Geological Studies in the Klamath Mountains 
Province, California and Oregon-A Volume in Honor of William P. Irwin: 
Geological Society of America Special Paper 410, p. 465-494. 
Kaizuka, S., 1975, A tectonic model for the morphology of arc-trench systems, especially 
for en echelon ridges and mid-arc faults: Japanese Journal of Geology and 
Geography, v. 45, p. 9-38. 
Kaufmann, J.D., Lewis, R.S., Stewart, D.E., Schmidt, K.L., 2008, Geologic Map of the 
Goodwin Meadows Quadrangle, Idaho County, Idaho: Idaho Geologic Survey 
Digital Web Map 97. 
Kohn, M.J., and Northrup, C.J., 2009, Taking mylonites’ temperatures: Geology, v. 37, p. 
47-50. 
Krogh, T.E., 1973, A low contamination method for hydrothermal decomposition of 
zircon and extraction of U and Pb for isotopic age determination: Geochimica et 
Cosmochimica Acta 37:485-494. 
Kurz, G.A., 2001, Structure and geochemistry of the Cougar Creek complex, northeastern 
Oregon and west-central Idaho [M.S. Thesis]: Boise, Idaho, Boise State 
University, 248 p. 
 66 
Kurz, G.A., and Northrup, C.J., 2008, Structural analysis of mylonitic rocks in the 
Cougar Creek Complex, Oregon–Idaho using the porphyroclast hyperbolic 
distribution method, and potential use of SC’-type extensional shear bands as 
quantitative vorticity indicators: Journal of Structural Geology, v. 30, p. 1005-
1012. doi:10.1016/j.jsg.2008.04.003 
Lassiter, J.C., 1995, Geochemical investigations of plume-related lavas: constraints on 
the structure of mantle plumes and the nature of plume/lithosphere interactions 
[Ph.D. Dissertation]: University of California, Berkley, 231 pp. 
Ludwig, K. R. 2005, User’s Manual for ISOPLOT/Ex 3.22. A Geochronological Toolkit 
for Microsoft Excel. Berkeley Geochronology Center Special Publications. World 
Wide Web Address: http://www.bgc.org/klprogrammenu.html. 
MacKevett Jr., E.M., 1978, Geologic map fo the McCarthy Quadrangle, Alaska. U.S. 
Geological Survey, Miscellaneous Investigations Series Map I-1032 scale 
1:250,000. 
Matin, H., Smithies, R.H., Rapp, R., Moyen, J.F., and Champion, D., 2005, An overview 
of adakite, trondhjemite-tonalite-granodiorite (TTG), and sukatoid: relationships 
and some implications for crustal evolution: Lithos, v. 79, p. 1-24. 
Mattinson, J.M., 2005, Zircon U-Pb chemical abrasion ("CA-TIMS") method: combined 
annealing and multi-step partial dissolution analysis for improved precision and 
accuracy of zircon ages: Chemical Geology 220:47-66. 
Matzel, J.E.P., Bowring, S.A., and Miller, R.B., 2006, Timescales of pluton construction 
at differing crustal levels: Examples from the Mount Stuart and Tenpeak 
intrusions, North Cascades, Washington: Geological Society of America Bulletin, 
v. 188, p. 1412-1430. 
McBirney, A.R., White, C.M., and Boudreau, A.E., 1990, Spontaneous development of 
concentric layering in a solidified siliceous dike, East Greenland: Earth-Science 
Reviews, v. 29, p. 321-330. 
McCaffrey, R., 1996, Slip partitioning at convergent plate boundaries of SE Asia: 
Geological Society of London Special Publications, v. 106; p. 3-18, 
doi:10.1144/GSL.SP.1996.106.01.02. 
McClelland, W.C., and Oldow, J.S., 2007, Late Cretaceous truncation of the western 
Idaho shear zone in central North American Cordillera: Geology, v. 3, p. 723-726. 
Miller, D.M., Langmuir, C.H., Goldstein, S.L., and Franks, A.L., 1992, The importance 
of parental magma composition to calc-alkaline and tholeiitic evolution: evidence 
from Umnak Island in the Aleutians: Journal of Geophysical Research, v. 97, p. 
321-343. 
 67 
Miller, J.S., Matzel, J.E.P., Miller, C.F., Burgess, S. D., and Miller, R.B., 2007, Zircon 
growth and recycling during the assembly of large, composite arc plutons: Journal 
of Volcanology and Geothermal Research, v. 167, p. 282-299. 
Mitchell, V.E., and Bennett, E.H., 1979, Geologic map of the Baker Quadrangle, Idaho, 
1:250,000: Idaho Bureau of Mines and Geology, Department of Lands, Moscow, 
Idaho. 
Miyashiro, A., 1974, Volcanic rock series in island arcs and active continental margins: 
American Journal of Science, v. 274, p. 321-355. 
Mortensen, J.K., Hulbert, L.J., 1991, A U-Pb zircon age for a Maple Creek gabbro sill, 
Tatamagouche Creek area, southwestern Yukon Territory:  Geological Survey of 
Canada, Radiogenic Age and Isotopic Studies: Report 5, Paper 91-2, p. 175-179. 
Mortimer, N., 1986, Late Triassic, arc-related, potassic igneous rocks in the North 
American Cordillera: Geology, v. 14, p. 1035-1038. 
Moore, G.F., and Karig, D.E., 1980, Structural geology of Nias Island, Indonesia: 
Implication for subduction-zone tectonics: American Journal of Science, v. 193, 
p. 193-223. 
Mullen, E.D., and Sarewitz, D.M., 1983, Paleozoic and Triassic terranes of the Blue 
Mountains, northeastern Oregon. Discussion and field trip guide, Part I. A new 
consideration of old problem: Oregon Geology, v. 45, p. 65-68. 
Mundil, R., Ludwig, K.R., Metcalfe, I., and Renne, P.R., 2004, Age and timing of the 
Permian mass extinction: U/Pb dating of closed-system zircon: Science, v. 305, p. 
1760–1763, doi: 10.1126/science.1101012. 
Muttoni, G., Kent, D.V., Olsen, P.E., Di Stefano, P., Lowrie, W., Bernasconi, S.M., 
Hernández, F.M., 2004. Tethyan magnetostratigraphy from Pizzo Mondello 
(Sicily) and correlation to the Late Triassic Newark astrochronological polarity 
time scale: Geological Society of America Bulletin, v. 116, p. 1043-1058. 
doi:10.1130/B25326.1. 
Oldow, J.S., Bally, A.W., Avé Lallemant, H.G., and Leeman, W.P., 1989, Phanerozoic 
evolution of the North American Cordillera: United States and Canada, in Bally, 
A.W., and Palmer, A.R., eds., The Geology of North America: An overview: 
Boulder, Colorado, Geological Society of America, The Geology of North 
America, v. A, p. 139–232. 
Pearce, J.A., Harris, N.B.W., and Tindle, A.G., 1984, Trace element discrimination 
diagrams for the tectonic interpretation of granitic rocks: Journal of Petrology, v. 
25, p. 956-983. 
Pitcher, W.S., 1983, Granite Type and Tectonic Environment: in Hsu, K., ed., Mountain 
Building Processes, Academic Press, London, p. 19-40. 
 68 
Read, P.B., Monger, J.W.H., 1976, Pre-Cenozoic volcanic assemblages of the Kluane and 
Alsek Ranges, southwestern Yukon Territory. Geological Survey of Canada, 
Open-File Report 381, p. 96. 
Sarewitz, D.M., 1983, Seven Devisl terrane – Is it really a piece of Wrangellia?: Geology 
v. 11, p. 634-637. 
Scheffler, J.M., 1983, A petrologic and tectonic comparison of the Hells Canyon area, 
Oregon-Idaho, and Vancouver Island, British Columbia [M.S. Thesis]: Pullman, 
Washington State University, 61 p. 
Schoene, B., Crowley, J.L., Condon, D.J., Schmitz, M.D., and Bowring, S.A., 2006, 
Reassessing the uranium decay constants for geochronology using ID-TIMS U-Pb 
data: Geochimica et Cosmochimica Acta, v. 70, p. 426–445, doi: 
10.1016/j.gca.2005.09.007. 
Schmidt, K.L., and Lewis, R.S., 2007, Role of NE-striking oblique dextral thrust faults in 
the development of the Wallowa terrane in the northern Cordillera: Implications 
for terrane accretion and clockwise rotation: Geological Society of America 
Abstracts with Programs, v. 39, p. 290. 
Schmidt, K.L., Kauffman, J.D., Stewart, D.E., Garwood, D.L., Othberg, K.L., and Lewis, 
R.S., 2009, Geologic map of the Grave Point quadrangle, Idaho County, Idaho, 
and Wallowa County, Oregon: Idaho Geologic Survey Digital Web Map 111. 
Schmidt, J.M., Rogers, R.K., 2007, Metallogeny of the Nikolai large igneous province 
(LIP) in southern Alaska and its influence on the mineral potential of the 
Talkeetna Mountains. In: Ridgeway, K.D., Trop, J.M., O’Neill, J.M., Glen, 
J.M.G., (eds.), Tectonic Growth of a Collisional Continental Margin: Crustal 
Evolution of Southern Alaska.  Geological Society of America Special Paper, v. 
431, p. 623-648. 
Schmitz, M.D., Schoene, B., 2007, Derivation of isotope ratios, errors and error 
correlations for U-Pb geochronology using 205Pb-235U-(233U)-spiked isotope 
dilution thermal ionization mass spectrometric data: Geochemistry, Geophysics, 
Geosystems  (G3) 8, Q08006, doi:10.1029/2006GC001492. 
Schwartz, J.J., Snoke, A.W., Frost, C.D., barnes, C.G., Gromet, L.P., and Johnson, K., 
2010, Analysis of the Wallwa-Baker terrane boundary: Implications for tectonic 
accretion in the Blue Mountains province, northeastern Oregon: Geological 
society of America Bulletin, v. 122, p. 517-536. 
Silberling, N.J., Jones, D.L., Blake, M.C., Jr., and Howell, D.G., 1984, Lithotectonic 
terrane map of the western conterminous United States: U. S. Geological Survey, 
Open File Report 84-0523, p. C1-C43. 
 69 
Smith, J.G., MacKevett Jr., E.M., 1970, The Skolai Group in the McCarthy B-4, C-4, C-5 
Quadrangles, Wrangell Mountains, Alaska. U.S. Geological Survey, Bulletin, 
1274-Q, p. Q1-Q26. 
Snee, L.W., Lund, K., Sutter, J.G., Balcer, D.E., and Evans, K.V., 1995, An 40Ar/39Ar 
chronicle of the tectonic development of the Salmon River suture zone, western 
Idaho, in Vallier, T.L., and Brooks, H.C., eds., Geology of the Blue Mountains 
Region of Oregon, Idaho, and Washington: Petrology and Tectonic Evolution of 
Pre-Tertiary Rocks of the Blue Mountains Regions: U.S. Geological Survey 
Professional Paper 1438, p. 359–414. 
Stacey, J.S., Kramers, J.D., 1975, Approximation of terrestrial lead isotope evolution by a 
two-stage model: Earth and Planetary Science Letters 26:207-221. 
Stanley, G.D. Jr., Rosenblatt, M.R., Rigaud., S., and Martini, R., 2009, Establishing 
temporal and spatial relationships of Triassic reefal carbonates: Wallwa terrane, 
northeastern Oreogon and western Idaho: Geological Society of America 
Abstracts with Program, v. 41, p. 209. 
Sun, S.S., and McDonough, W.F., 1989, Chemical and isotopic systematics of oceanic 
basalts: implications for mantle composition and processes.  In: Saunders, A.S., 
Norry, M.J., (Eds.), Magamtism in Ocean Basins.  Geological Society of London, 
Special Publication, v. 42, p. 313-345. 
Swanson, D.A., Anderson, J.L., Camp, V.E., Hooper, P.R., Taubeneck, W.H., and 
Wright, T.L., 1981, Reconnaissance geologic map of the Columbia River Basalt 
Group, northern Oregon and western Idaho: U.S. Geological Survey Open-File 
Report, 35 p. 
Vallier, T.L., 1967, Geology of part of the Snake River canyon and adjacent areas in 
northeastern Oregon and western Idaho [Ph.D. Dissertation]: Corvallis, Oregon, 
Oregon State University, 267 p. 
Vallier, T.L., 1977, The Permian and Triassic Seven Devils Group, western Idaho and 
northeast Oregon: U.S. Geological Survey Bulletin 1437, 58 p. 
Vallier, T.L., 1995, Petrology of pre-Tertiary igneous rocks in the Blue Mountains region 
of Oregon, Idaho, and Washington; implications for the geologic evolution of a 
complex island arc, in Vallier, T.L., and Brooks, H.C., eds., Geology of the Blue 
Mountains region of Oregon, Idaho, and Washington: petrology and tectonic 
evolution of pre-Tertiary rocks of the Blue Mountains region: U.S. Geological 
Survey Professional Paper 1438, p. 125-209. 
Vallier, T.L., 1998, Islands and Rapids, a geologic story of Hells Canyon: Lewiston, 
Idaho, Confluence Press, 162 p. 
Vallier, T.L., Brooks, H.C., and Thayer, T.P., 1977, Paleozoic rocks of eastern Oregon 
and western Idaho, in Stewart, J.H., Stevens, C.H., and Fritsche, A.E., eds., 
 70 
Paleozoic paleogeography of the western United States: Society of Economic 
Paleontologists and Mineralogists, Pacific Section: Pacific Coast paleogeography 
symposium 1, p. 455-466. 
Walker, N.W., 1986, U/Pb geochronologic and petrologic studies in the Blue Mountains 
Terrane, northeastern Oregon and westernmost-central Idaho; implications for 
pre-Tertiary tectonic evolution [Ph.D. Dissertation]: Santa Barbara, California, 
University of California, Santa Barbara, 224 p. 
Walker, N.W., 1995, Tectonic implications of U-Pb zircon ages of the Canyon Mountain 
Complex, Sparta Complex, and related metaplutonic rocks of the Baker Terrane, 
northeastern Oregon, in Valler, T.L., and Brooks, H.C., eds., Geology of the Blue 
Mountains region of Oregon, Idaho, and Washington; petrology and tectonic 
evolution of pre-Tertiary rocks of the Blue Mountains region: U.S. Geological 
Survey Professional Paper 1438, p. 247-269. 
Whelan, J.B., 1985, Geochemistry of an island-arc plutonic suite: the Uasilau-Yau Yau 
intrusive complex, New Britain, P.N.G., Journal of Petrology, v. 26, p. 603-632. 
Wernicke, B.P., and Klepacki, D.W., 1988, Escape hypothesis for the Stikine Block: 
Geology, v. 16, p. 461-464. 
Whetherell, C.E., 1960, Geology of part of the southeastern Wallowa Mountains, 
northeastern Oregon: Corvallis, Oregon State University, MS Thesis, 208 p. 
White, J.D.L., White, D.L., Vallier, T.L., Stanley, G.D., Jr., and Ash, S.R., 1992, Middle 
Jurassic strata link Wallowa, Olds Ferry, and Izee terranes in the accreted Blue 
Mountains island arc, northeastern Oregon: Geology, v. 20, p. 729-732. 
White, D.L., and Vallier, T.L., 1994, Geologic evolution of the Pittsburg Landing area, 
Snake River canyon, Oregon and Idaho, in Vallier, T.L., and Brooks, H.C., eds., 
Geology of the Blue Mountains region of Oregon, Idaho, and Washington – 
Stratigraphy, physiography, and mineral resources of the Blue Mountains region: 
U.S. Geological Survey Professional Paper 1439, p. 75-89. 
Wilson, D., and Cox, A., 1980, Paleomagnetic evidence for tectonic rotation of Jurassic 
plutons in Blue Mountains, eastern Oregon: Journal of Geophysical Research, v. 
85, p. 3681-3689. 
Yancey T.E., and Stanley, G.D., Jr., 1999, Giant alatoform bivalves in the Upper Triassic 
of western North America: Paleontology, v. 42, p. 1-23. 
Zhang, S., Zheng, Y., Zhao, Z., Wu., Y., Yuan, H., and Wu., F., 2009, Origin of TTG-
like rocks from anatexis of ancient lower crust: Geochemical evidence from 
Neoproterozoic granitoids in South China: Lithos, v. 113, p. 347-368. 
Ziegler, P., van Wees, J., and Cloetingh, S., 1998, Mechanical controls on collision-
related compressional intraplate deformation: Tectonophysics, v. 300, p. 103-129.
 71 
CHAPTER TWO: DATING DEFORMATION-INDUCED NEOCRYSTALLIZATION 
OF TITANITE, AND ITS APPLICATION TO MID-CRUSTAL 
VOLCANIC ARC PROCESSES 
 
Abstract 
We present high-precision U-Pb ages for neoblastic titanite from intra-arc strike-
slip ductile shear zones of the Cougar Creek Complex, a crystalline basement exposure of 
the Wallowa arc terrane of the Blue Mountains Province in the northern U.S. Cordillera, 
to reveal the utility of this method for resolving the timing and duration of mid-crustal 
deformational processes. Neoblastic titanite was identified in mylonitized silicic plutonic 
rocks via textural criteria and petrographic context, and confirmed by geochemical 
signatures obtained by laser ablation inductively coupled plasma mass spectrometry (LA-
ICP-MS). U-Pb ages obtained by isotope dilution thermal ionization mass spectrometry 
(ID-TIMS) for small multi-grain and single-grain analyses of neoblastic titanite from a 
deformed Middle Permian tonalite screen range from 229.5 ± 0.3 Ma to 224.8 ± 0.4 Ma, 
and are interpreted to date deformation-induced, greenschist facies neocrystallization of 
titanite. By contrast, magmatic titanite from a non-deformed tonalite records U-Pb ages 
within several hundred thousand years of its Late Permian crystallization age. U-Pb 
zircon crystallization ages for cross-cutting Late Triassic mafic intrusions also constrain 
the timing of left-lateral mylonitization, and confirm our interpretations regarding the age 
systematics of neoblastic titanite. High-precision single-crystal ID-TIMS dating of 
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neoblastic titanite thus provides a new tool for extracting the timing and duration of 
ductile deformation, and highlights the interplay between mid-crustal deformational 
processes and arc magmatism. 
 
Introduction 
A critical element of tectonic analysis involves reconstructing the timing and 
duration of deformation, which is most commonly accomplished by bracketing the event 
using cross-cutting relationships between datable rock units. However, cross-cutting 
relationships are not always present, and even if constraining ages are determined with 
high precision, the uncertainty may still be large if a significant time gap exists between 
the minimum and maximum bracketing relationships. Another approach is to date 
deformation directly (e.g., Getty and Gromet, 1992; Resor et al., 1996). For example, 
during ductile deformation, dynamic recrystallization may produce neoblastic growth of 
accessory minerals within rock fabric. Titanite is one common accessory mineral that 
may crystallize in this fashion, offering a potential method for determining the age and 
duration of deformation directly via U-Pb geochronology. 
The suitability of titanite as a geochronometer is based on its common occurrence, 
the incorporation of uranium into its crystal structure, and a relatively high closure 
temperature for Pb volume diffusion of ≥ 700°C for nominal grain sizes and cooling rates 
(see Frost et al., 2000, and references therein). However, due to its relatively high closure 
temperature, and because many rocks contain abundant Ti and Ca bearing phases, which 
can react to stabilize titanite below its closure temperature, the population of titanite 
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crystals in a rock can record multiple stages of growth that may complicate age 
interpretations (Getty and Gromet, 1992; Resor et al., 1996; Frost et al., 2000). 
Identification of neoblastic titanite begins with careful petrography (Getty and 
Gromet, 1992; Resor et al., 1996). Neoblastic titanite commonly form granular 
aggregates of euhedral to anhedral crystals that are elongate parallel to and lie within 
deformational fabric. Distinct age populations of titanite grown during multiple episodes 
of metamorphism and/or deformation may exhibit contrasting color, providing additional 
means of identification (Verts et al., 1996). Another approach for detecting neoblastic 
titanite involves targeting deformed lithologies that lack titanite in the protolith, such that 
any observed titanite in the deformed equivalent likely grew during the accumulation of 
strain (Resor et al., 1996). However, this scenario requires inference of the initial mineral 
assemblage, which may not be preserved, and is not practicable for most felsic plutonic 
protoliths. 
Studies by Getty and Gromet (1992) and Resor et al. (1996) outlined approaches 
for dating deformation directly with bulk fractions of neoblastic titanite via ID-TIMS. 
Since then, the spatial and temporal resolution of U-Pb ID-TIMS methods have greatly 
improved, allowing the analysis of single mineral grains or fragments of individual 
crystals (Bowring and Schmitz, 2003; Mattinson, 2005; Schoene et al., 2006; Crowley et 
al., 2007). Consequently, it is now possible to isolate and date neoblastic titanite in a 
variety of lithologies where it coexists with a primary magmatic population. Furthermore, 
the ability to parse time at a much higher resolution provides enormous opportunity for 
constraining a range of geologic processes across an expanded time interval, from the 
Precambrian to the Mesozoic and younger. 
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In this study, we use a combination of petrography, scanning electron microscopy, 
and LA-ICP-MS to identify and distinguish neoblastic titanite, which are then dated via 
high-precision U-Pb ID-TIMS methods to directly constrain the timing of mylonitic 
deformation recorded in tonalitic intrusions of the Cougar Creek Complex. Our work 
illustrates how U-Pb dating of neoblastic titanite can help to resolve the timescales of 
deformational processes in the mid-crustal levels of a Triassic arc environment. 
 
Geologic Setting 
The Cougar Creek Complex is exposed along the Snake River in Hells Canyon 
just south of Pittsburg Landing, Idaho (Figure 2.1). This intrusive complex is interpreted 
as the mid-crustal expression of the Wallowa arc terrane of the Blue Mountains Province 
of northeastern Oregon and western Idaho (Vallier, 1995; Kurz and Northrup, 2008; Kurz 
et al., 2009, 2010 In Review). It consists of numerous variably deformed and non-
deformed dikes and plutons that range in composition from gabbro and diorite to tonalite 
and granophyre. 206Pb/238U zircon crystallization ages for intrusive rocks define older 
Middle Permian to Early Triassic silicic magmatism and younger Late Triassic mafic to 
intermediate intrusive activity (Kurz et al., 2009, 2010 In Review). Widespread field 
evidence of relatively younger mafic to intermediate intrusive units cross-cutting older 
silicic dikes and plutons also support two distinct cycles of magmatism. 
The geometry of intrusive units parallels a dominant NE to SW structural grain 
defined by well-developed foliation and mylonitic shear zones that dip moderately to 
steeply to the northwest and southeast. Stretching lineations are sub-horizontal to gently 
plunging to the NE and SW, indicating a strike-slip sense of displacement. Kinematic 
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analyses of mylonites indicate a dominant sinistral sense of shear and minor right-lateral 
conjugate shear zones (Avé Lallemant, 1995; Kurz and Northrup, 2008). Left-lateral 
mylonitization affected intrusive bodies from both cycles of magmatism, and is 
heterogeneously distributed throughout the Cougar Creek Complex. Recrystallized quartz 
textures and titanium-in-quartz thermometry (i.e. TitaniQ; Wark and Watson, 2006) show 
that deformation occurred mostly under lower to upper greenschist facies conditions 
(Kohn and Northrup, 2009). Neoblastic titanite crystals were identified petrographically 
in two mylonitized tonalite screens. Within the mylonites, small (<150µm), granular, 
anhedral titanite grains grew within the fabric of dynamically recrystallized quartz 
ribbons, and often display reaction textures with ilmenite and biotite (Figure 2.2). Sample 
CC08-03 also contained neoblastic monazite in the same petrographic setting. By 
contrast, magmatic titanite from a non-deformed tonalite are characteristically wedge-
shaped, euhedral to subhedral, and larger (≥500µm). 
 
Geochemical Discrimination of Neoblastic Titanite 
Trace and rare earth element (REE) concentrations for magmatic and neoblastic 
titanite were analyzed by LA-ICP-MS to assess the use of mineral chemistry to 
discriminate titanite origins. Analytical methods and data are reported in Appendix B 
(Table B.1). Chondrite-normalized REE patterns for magmatic titanite crystals are LREE 
enriched with consistent convex-up patterns from La to Gd (Figure 2.3A). Magmatic 
grains also show negative Eu anomalies, and slight HREE depletion. REE patterns for 
magmatic titanite from this study are similar to those documented in other granitoids 
(Hoskin et al., 2000; Gregory et al., 2009) 
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Neoblastic titanite exhibit contrasting chondrite-normalized REE patterns that are 
LREE depleted, HREE enriched, and show strong positive Eu anomalies (Figure 2.3B). 
REE patterns for neoblastic titanite from this study are similar to other documented 
titanite that formed under low temperature, solid-state metamorphic conditions (El Korh 
et al., 2009). Chondrite-normalized CeN/YbN ratios show the general differences between 
REE patterns for magmatic (>1) and neoblastic titanite (<1)(Figure 2.3C), and are 
positively correlated with Th/U ratios. Neoblastic titanite are consistently depleted in Th 
with respect to magmatic titanite.  
 
U-Pb Geochronology 
Titanite were dated using ID-TIMS methods (Appendix B) from two rocks with 
known U-Pb zircon crystallization ages. Coupled zircon and titanite crystallization ages 
provide a chronologic framework that may be used to interpret age information for 
neoblastic titanite. 
Five multi-grain fractions and two single-grains of neoblastic titanite from a 
mylonitic tonalite screen (CC08-06) yield 206Pb/238U ages that range from 229.50 ± 0.33 
Ma to 224.80 ± 0.39 Ma (Figure 2.4A). In contrast, zircon from this rock give a 
crystallization age of 262.69 ± 0.10 Ma (Kurz et al., 2010 In Review). 
Two multi-grain fractions and five single-grains of magmatic titanite from a non-
deformed tonalite give concordant 206Pb/238U ages that range from 253.54 ± 0.14 Ma to 
254.43 ± 0.14 Ma (Figure 2.4B). The zircon crystallization age for this pluton is 254.21 ± 
0.14 Ma (Kurz et al., 2010 In Review). One single-crystal titanite age overlaps with all 
dated zircon grains, while the remaining analyses are slightly younger, by approximately 
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0.4 to 1.0 Ma. The comparatively younger U-Pb ages for titanite from this pluton are 
likely due to either earlier crystallization of zircon relative to titanite, the slightly lower 
Pb closure temperature of titanite relative to zircon, or a small amount of unmitigated 
lead loss.  
 
Discussion 
LA-ICP-MS spot analyses of magmatic and neoblastic titanite identify 
pronounced geochemical differences that serve to distinguish their origins, and provide a 
link to compositional and temporal information determined by ID-TIMS analyses. REE 
patterns for magmatic titanite are convex-up (La to Gd), HREE depleted, and similar to 
those observed for titanite in other granitoids (Figure 2.3A; Hoskin et al., 2000; Gregory 
et al., 2009). Using published partition coefficients for REE in titanite (Bachmann et al., 
2005; Table B.2) and whole rock concentrations from sample CC-831, we modeled 
chondrite-normalized patterns for titanite.  Modeled and observed patterns compare 
favorably, and support the assumption of equilibrium partitioning between titanite and the 
tonalite magma.  
By contrast, REE patterns for neoblastic titanite are positively sloped showing 
LREE depletion relative to HREE, and exhibit strong positive Eu anomalies (Figure 
2.3B). Titanite grown under greenschist facies conditions is commonly enriched in the 
HREE, and plays a key role in the whole rock trace element budget (El Korh et al., 2009). 
Petrographic analysis shows that neoblastic titanite is forming with epidote and albite. 
Thus, the depletion of LREE in titanite may be explained through equilibrium 
recystallization with epidote and sodic plagioclase, which have been shown to partition 
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LREE (Grauch, 1989; Hickmott et al., 1992; Mulrooney and Rivers, 2005; El Korh et al., 
2009). Positive Eu anomalies in titanite may also be related to the incorporation of Eu 
released during the breakdown of anorthite-rich plagioclase. 
Zr concentrations in magmatic and neoblastic titanite were used to explore the 
application of Zr-in-titanite thermobarometry (Hayden et al., 2008) to determine 
magmatic and deformational temperatures for rocks in the Cougar Creek Complex. In 
addition to the assumption of unit activity of zircon and titanite components, this 
technique requires estimates of aSiO2 and aTiO2. Quartz is found in both deformed and 
non-deformed lithologies, supporting the assumption of aSiO2 = 1. In our calculations, we 
assume an aTiO2= 0.8 since many granites have aTiO2 ≥ 0.6 (e.g., Wark and Watson, 2006; 
Wark et al., 2007). Using Zr concentrations in magmatic titanite (CC-831), and assuming 
a pressure of 0.2 GPa (i.e., ~8 km depth), we calculate an average crystallization 
temperature of 655°C. Recalculation using aTiO2 = 1 increases the average temperature by 
only 10°C. TitaniQ thermometry for the same tonalite gives an average temperature of 
700.5°C (Kohn and Northrup, 2009). Alternatively, using the average TitaniQ 
temperature and Zr content in magmatic titanite, we can inverted for an estimated 
pressure of crystallization of 0.55 GPa. These calculations suggest the utility of 
combining the Zr-in-titanite, TitaniQ, or Zr-in-zircon thermobarometers to extract 
quantitative P-T information from felsic-intermediate plutonic rocks. 
Assuming P = 0.2 GPa and aTiO2 = 0.8, we attempted the same calculations for 
neoblastic titanite from sample CC08-06, only to arrive at unrealistically high 
temperatures compared to those determined by TitaniQ for other greenschist mylonites 
from the Cougar Creek Complex (e.g., 388°C; Kohn and Northrup, 2009). TitaniQ 
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temperatures for Cougar Creek mylonites (Kohn and Northrup, 2009) combined with Zr-
in-titanite also failed to model realistic pressure conditions during deformation. This 
breakdown may be related to the assumption that Zr-in-titanite thermobarometry relies on 
aZircon = 1, and at greenschist facies conditions, zircon is most likely not in the reacting 
mineral assemblage. 
Magmatic titanite dated by ID-TIMS and those analyzed by LA-ICP-MS exhibit 
similar Th/U ratios that are nearly identical to the whole rock value (Figure 2.5). Late 
Triassic neoblastic titanite and single grains analyzed by LA-ICP-MS from sample 
CC08-06 also show comparable Th/U ratios, but they are consistently less than their 
whole rock. The observed difference between Th/U ratios of igneous and neoblastic 
titanite is controlled by relative depletion of Th in neoblastic grains. Chondrite-
normalized REE patterns for magmatic and neoblastic titanite also correlate with 
measured Th/U ratios (Figure 2.3C). The correlations between ID-TIMS U-Pb ages, Th/U 
ratios, and REE characteristics for magmatic and neoblastic titanite provides a valuable 
means of identifying separate generations of accessory mineral growth. 
U-Pb dating of neoblastic titanite provides an independent means of directly 
dating sinistral deformation with relatively high precision. U-Pb ages for small multi-
grain and single-grain analyses of neoblastic titanite from sample CC08-06 are Late 
Triassic, ~33 Ma younger than its crystallization age (Figure 2.4A). We interpret these 
ages to reflect the timing and duration of left-lateral mylonitization. Thus, the U-Pb ages 
for neoblastic titanite show that sinistral mylonitic shearing began as early as 229.50 ± 
0.33 Ma and continued for at least ~4.7 Ma. 
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Existing U-Pb zircon ages and 40Ar/39Ar cooling ages have also been used to 
bracket the timing of mylonitization in the Cougar Creek Complex, and offer a platform 
from which to evaluate the neoblastic titanite ages. Left-lateral mylonitic shear zones 
deform Middle Permian tonalitic rocks, as well as Late Triassic intrusive units of the 
Cougar Creek Complex (Kurz et al., 2009, 2010 In Review). This deformation is more 
intensely recorded in older tonalitic rocks compared to intrusive units of the younger 
cycle of magmatism. Mylonite zones in Late Triassic bodies show strain gradients, and 
are intruded by other weakly deformed mafic to intermediate units. U-Pb zircon age 
constraints and field observations indicate that this deformational event overlaps with 
Late Triassic mafic magmatism at ca. 229.43 ± 0.08 Ma to 229.13 ± 0.45 Ma (Kurz et al., 
2009, 2010 In Review). 
Strain-induced quartz recrystallization textures (Kurz and Northrup, 2008) and 
TitaniQ thermometry (Kohn and Northrup, 2009) show that deformational temperatures 
were similar to the closure temperature of biotite (~375°C), and imply that biotite 
40Ar/39Ar ages collected by Balcer (1980) from the Cougar Creek Complex most likely 
record greenschist facies deformation. One biotite sample collected from a deformed 
Middle Permian plagiogranite yielded a cooling age of 233.5 ± 2.5 Ma (Balcer, 1981). A 
second biotite sample from a deformed Late Triassic mafic intrusion gave a cooling age 
from the final fusion step 227.3 ± 5.1 Ma (Balcer, 1981). Both of these 40Ar/39Ar biotite 
ages are within analytical uncertainty of active Late Triassic magmatism and further 
supports synchronous deformation. 
Our neoblastic titanite data show that left-lateral mylonitization temporally 
overlaps ongoing Late Triassic volcanism, indicating an interrelationship between mid-
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crustal deformation and arc magmatism. We interpret left-lateral strike-slip mylonites in 
the Cougar Creek Complex as synmagmatic mid-crustal intra-arc shear zones resulting 
from partitioned arc-parallel strain associated with oblique subduction in an active Late 
Triassic arc. Fitch (1972), Beck (1983), and Jarrard (1986) describe the surficial 
expression of this style of deformation in the arc-axis and forearc regions of various 
modern arc settings. Busby-Spera and Saleeby (1990), Cembrano et al. (2000), and 
Giorgis et al. (2008) studied similar intra-arc shear zones using a variety of geo and/or 
thermochronologic techniques to bracket the timing of deformation. We anticipate that U-
Pb dating of neoblastic titanite in these and similar settings will greatly improve our 
understanding of the mechanics of synmagmatic intra-arc ductile deformation, and 
associated tectonic reconstructions. 
 
Conclusions 
Combined LA-ICP-MS and ID-TIMS analyses of magmatic and neoblastic 
titanite provide the geochemical and temporal context for distinguishing separate 
generations of mineral growth, and outline an approach for selecting appropriate grains 
that may be used to directly date ductile deformation. ID-TIMS U-Pb ages of neoblastic 
titanite show that left-lateral strike-slip ductile deformation began in the Late Triassic and 
continued for at least 4.7 Ma. These U-Pb ages show that deformation was 
accommodated in an active arc system, and capture the time frame of two coeval tectonic 
processes. Mylonitic deformation is inferred to be the product of transpressional 
convergence in which the arc-parallel component of oblique subduction was partitioned 
along the thermally weakened arc-axis (e.g., Beck, 1983; Jarrard, 1986). This study 
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illustrates how high-precision U-Pb ages for neoblastic titanite offer a new tool for 
constraining the ages and duration of a variety of tectonic processes and their possible 
interrelationships in the mid-crust of an arc. 
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Figure 2.1. Regional geologic map of the Blue Mountains Province, modified after 
Dorsey and LaMaskin (2007). BC, Baker City; IZ, Izee; H, Huntington; IB, Idaho 
Batholith. 
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Figure 2.2. Textural relationships of neoblastic titanite within mylontic rocks of 
Cougar Creek Complex. fsp = feldspar; bt = biotite; tnt = titanite; qtz = quartz. 
 85 
 
Figure 2.3. LA-ICP-MS REE data for magmatic and neoblastic titanite. A) 
Chondrite normalized REE patterns for magmatic titanite (CC-831), whole rock 
REE patterns for comparison (Kurz et al., 2010, In Review). Light gray field = REE 
patterns for magmatic titanite (Hoskin et al., 2000); vertically hatched field = REE 
patterns for magmatic titanite (Gregory et al., 2009). B) Chondrite normalized REE 
patterns for neoblastic titanite (CC08-06). Dark gray field = magmatic titanite (CC-
831). Diagonally hatched field = REE patterns for titanite formed under Low 
temperature conditions (El Korh et al., 2009). C) Chondrite normalized CeN/YbN vs 
Th/U for titanite. Light gray field same as panel A; diagonally hatched field same as 
panel C. 
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Figure 2.4. U-Pb concordia diagrams of magmatic and neoblastic titanite. Single-
grain titanite analyses = bolded outlines; multi-grain analyses = nonbolded outlines. 
Titanite analyses are labeled with their fraction ID (Table B.2). Zircon analyses = 
gray ellipses (Kurz et al., 2010 In Review). The gray band surrounding concordia 
represents the uncertainty related to decay-constants on the position of concordia. 
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Figure 2.5. Th/U vs 206Pb/238U ID-TIMS ages for magmatic and neoblastic titanite 
(gray fill). Black symbols = U-Pb zircon ages and ICP-MS whole rock Th/U ratios. 
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CHAPTER THREE: TWO DISTINCT ARC TERRANES IN THE BLUE MOUNTAINS 
PROVINCE, OREGON-IDAHO: GEOCHEMICAL, ISOTOPIC, 
AND U-PB GEOCHRONOLOGIC EVIDENCE 
 
Abstract 
Intrusive basement rocks from the Wallowa and Olds Ferry arc terranes of the 
Blue Mountains Province, Oregon-Idaho provide valuable constraints on the nature of 
magmatism preserved in both arcs, and their respective geologic settings. Sr, Nd, and Pb 
isotopic data for intrusive rocks from the Cougar Creek Complex show that the outboard 
Wallowa arc represents an intra-oceanic island arc. Permian tonalitic lithologies and 
younger cross-cutting basaltic units collected in the Salmon River canyon exhibit similar 
field relationships to those exposed in the Cougar Creek Complex, and are geochemically 
and isotopically similar. Plutonic rocks exposed along the Salmon River are inferred to be 
an eastern continuation of the Wallowa arc basement. Based on the timing and 
geochemical characteristics of the intrusive rocks, we correlate the Wallowa arc with the 
outboard Wragellia terrane of southeastern Alaska. 
U-Pb ages for supracrustal and intrusive rocks from the inboard Olds Ferry arc, 
combined with new trace element and isotopic data, provide a better understanding of the 
magmatic and overall tectonic framework of the arc. Separate unconformity-bounded 
volcano-plutonic sequences are recognized in the Middle Triassic (> 237 Ma), the Late 
Triassic (229 Ma to 210 Ma), and the latest Triassic to the Early Jurassic 
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(< 210 Ma to 187 Ma). New trace element data show that the oldest pulse of magmatism 
mainly consisted of tholeiitic mafic to silicic rocks. Latest Carnian to middle Norian 
volcanism is characterized by mafic to silicic calc-alkaline activity that is manifested, in 
part, by the lower Huntington Formation and numerous plutonic bodies. Post-middle 
Norian to Pliensbachian explosive silicic volcanism associated with the upper Huntington 
Formation represents the third episode of igneous activity. Sr, Nd, and Pb isotopic data 
for intrusive rocks of the Olds Ferry arc indicate derivation from a more isotopically 
enriched source compared to those from the Wallowa arc, and establish a clear distinction 
between the two arcs. This distinction strengthens current paleogeographic interpretations 
of a continental fringing Olds Ferry arc, and provides a basis for comparison to other 
Cordilleran arcs. We interpret the Olds Ferry fringing arc as the southward continuation 
of the Stikinia-Quesnellia arc system located in the southern Canadian Cordillera. 
U-Pb ages and trace element data for intrusive rocks of the Oxbow Complex 
indicate that they are temporally and geochemically similar to lithologies of the Wallowa 
arc. Sr and Nd isotopic data overlap with measured compositions for intrusive rocks from 
the Wallowa and the Olds Ferry arcs. Common Pb isotopic data show closer affinity to 
magmatic rocks of the Wallowa compared to the Olds Ferry arc. The Oxbow Complex is 
located ~7 km from major terrane boundaries that separate the Wallowa, Baker, and Olds 
Ferry terranes. This position suggests that, if related to the Wallowa arc, the Oxbow 
Complex likely represents the forearc basement of the arc. This interpretation may allow 
for increased petrologic or tectonic interaction with isotopically enriched material from 
either the Baker or the Olds Ferry terranes. 
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Introduction 
Our understanding of the Late Paleozoic to Mesozoic tectonic evolution of the 
Cordilleran orogen of western North America greatly depends on the ability to 
distinguish individual terranes, and to construct a comprehensive geologic context for 
each one. Establishing a thorough geologic framework involves characterizing basic, but 
nonetheless essential elements, such as the geologic setting, detailed lithostratigraphy, 
petrology, structure, and geochemistry of the constituent rocks within a targeted field 
area, and finally placing these data within a precise spatial and temporal context. Once 
detailed representations of individual terranes have been developed, they may be applied 
within a local context to build a more complete understanding of the geologic history at 
the broader regional scale. In northeastern Oregon and western Idaho, the Blue 
Mountains Province provides a critical link between the U.S. and Canadian sectors of the 
Cordillera, yet its constituent terranes lack the needed comprehensive geologic 
framework. 
As with many of the Paleozoic to Mesozoic lithotectonic assemblages exposed 
along the western Cordillera, constituent terranes of the Blue Mountains Province are 
largely obscured by extensive Cenozoic cover (Fitzgerald, 1982; Swanson et al., 1981). 
Nonetheless, regional uplift, faulting, and associated erosion of the Snake River and its 
tributaries have produced significant exposures of Paleozoic to Mesozoic “basement” 
(Brooks et al., 1976; Mitchell and Bennett, 1979). Exposures such as these provide rare 
opportunities to study the detailed history of the late Paleozoic to Mesozoic assembly and 
accretion of tectonic elements to the North American margin. 
 94 
The rocks of the Blue Mountains Province comprise an assemblage of volcanic 
arc terranes, sedimentary basins, and mélange complexes that record a protracted history 
of Permian to Cretaceous subduction, magmatism, and accretion of oceanic crustal 
fragments to western North America (Brooks et al., 1976; Vallier et al., 1977; Brooks and 
Vallier, 1978; Dickinson, 1979; Silberling et al., 1984; Vallier, 1995; Gray and Oldow, 
2005; Dorsey and LaMaskin, 2007; LaMaskin et al., 2008; Schwartz et al., 2010). The 
Wallowa island arc terrane and the Olds Ferry arc terrane represent two of the four major 
lithotectonic units that underly the area (Figure 3.1; Brooks and Vallier, 1978; Dickinson, 
1979; Silberling et al., 1984; Vallier, 1995). Proposed tectonic models for the Blue 
Mountains Province rely heavily on the character of magmatism preserved in these arcs, 
as well as their paleogeographic constraints. Exposed basement rocks from both arc 
terranes offer critical information related to their magmatic histories, and details of their 
paleogeography. Kurz et al. (2010a In Review) provided a detailed geologic framework 
of the magmatic and deformational history of the Cougar Creek Complex, one of several 
key basement complexes that manifest the mid-crustal level of the Wallowa arc (Figure 
3.1). However, questions associated with the tectonic setting of the Wallowa arc still 
remain. In addition, an in-depth account of the timing, duration, and geochemistry of 
Olds Ferry magmatism has yet to be determined. 
In this study, we present new trace element and Sr, Nd, and Pb isotopic data for 
intrusive rocks of the Olds Ferry arc terrane, and provide a broad characterization for 
intrusive units and their likely tectonic affinity. Geochemical and isotopic data for 
magmatic rocks of the Olds Ferry arc are also placed in a temporal context with new 
high-precision U-Pb zircon crystallization ages. These new data clarify the age and 
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duration of igneous activity in the Olds Ferry arc by distinguishing distinct unconformity-
bound cycles of magmatism. Sr, Nd, and Pb isotopic data are also presented for plutonic 
basement rocks from the Cougar Creek Complex (i.e., the Wallowa arc). Isotopic data 
from both arc terranes help to clearly distinguish their paleogeography. Thus, these data 
allow for the first time a comparison of isotopic signatures between arc terranes from the 
Blue Mountains Province and those in the Canadian Cordillera. 
 
Geologic Framework 
The Blue Mountains Province of northeastern Oregon and western Idaho is 
composed of four pre-Cenozoic tectonostratigraphic assemblages (Figure 3.1), the 
Wallowa and Olds Ferry arc terranes, the Baker accretionary terrane (which incorporates 
the Grindstone terrane of Blome and Nestell, 1991), and the Izee Basin terrane (Brooks et 
al., 1976; Vallier et al., 1977; Brooks and Vallier, 1978; Dickinson, 1979; Silberling et 
al., 1984; Vallier, 1995; Dorsey and LaMaskin, 2007; Schwartz et al., 2010). In the 
following sections, we provide a brief overview for the Wallowa and Olds Ferry arc 
terranes and descriptions for specific exposures of arc basement rocks that we have used 
as our primary field laboratories. Our study involves a detailed geochemical, isotopic, 
and geochronologic evaluation of plutonic basement rocks of the Wallowa and Olds 
Ferry arc terranes; however, the scope of this study does not include direct comparisons 
of these intrusive rocks with rocks of the Baker or the Izee terranes. Recent work by 
Schwartz et al. (2010) and Dorsey and LaMaskin (2007) provide thorough descriptions 
for both the Baker and Izee terranes, respectfully. 
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Wallowa Arc Terrane 
The Wallowa arc (Vallier et al., 1977; Brooks and Vallier, 1978; Dickinson and 
Thayer, 1978; Silberling et al., 1984) ranges in age from the Permian to Early Cretaceous 
(Vallier, 1995). Stratified silicic volcanic and volcaniclastic sequences of Permian 
(Guadalupian) age (i.e., Hunsaker Creek Formation and portions of the Glover Creek 
Greenstone) comprise the oldest supracrustal rocks in the Wallowa arc (Vallier, 1967, 
1977, 1995), which are unconformably overlain by massive Middle to Upper Triassic 
(Ladinian and Carnian) volcanic and volcaniclastic rocks of mafic to intermediate 
composition (i.e., Wild Sheep Creek and Doyle Creek Formations; Vallier, 1967, 1977, 
1995). Late Triassic (earliest Norian) and Early Jurassic massive carbonate and 
sandstone-mudstone flysch sequences unconformably overly the Permian and Triassic 
volcanic assemblages (Vallier, 1977, 1995). 
Exposures of Wallowa mid-crustal rocks occur at several locations within the 
Blue Mountains Province, especially along the Snake and Salmon River canyons (Figure 
3.1). These include, but are not limited to, the Sparta Complex (Prostka and Bateman, 
1962; Almy, 1977; Phelps, 1978, 1979; Phelps and Avé Lallemant, 1980; Vallier, 1995), 
the Oxbow Complex (Balcer, 1980; Schmidt, 1980; Avé Lallemant et al., 1980, 1985, 
Vallier, 1995), the Cougar Creek Complex (Balcer, 1980; Vallier, 1995; Kurz, 2001; 
Kurz and Northrup, 2008; Kohn and Northrup, 2009; Kurz et al., 2010a In Review), and 
the Wolf Creek-Deep Creek and Imnaha plutonic complexes (Morrison, 1963; Chen, 
1985; Vallier, 1995). 
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Cougar Creek Complex 
The Cougar Creek Complex is exposed along ten kilometers of the Snake River in 
Hells Canyon from Temperence Creek to Pittsburg Landing, Idaho (Figure 3.1). Similar 
basement exposures are described in the Salmon River canyon, near White Bird, Slate 
Creek, and Lucile, Idaho, and also to the northeast along the South Fork of the Clearwater 
River (Walker, 1986; Vallier, 1995). The Cougar Creek Complex represents a regionally 
significant feature assuming these easterly exposures are correlative (Vallier, 1995). The 
Cougar Creek Complex contains numerous dikes and small plutons that record Middle 
Permian to Early Triassic silicic calc-alkaline magmatism and Late Triassic mafic to 
intermediate tholeiitic igneous activity (Walker, 1986; Vallier, 1995; Kurz et al., 2010a In 
Review). 
Metamorphism and deformation in the Cougar Creek Complex occurred under 
lower to upper greenschist facies conditions (Avé Lallemant, 1995; Vallier, 1995; Kurz, 
2001; Kurz and Northrup, 2008; Kohn and Northrup, 2009). The Cougar Creek Complex 
and adjacent rocks of the Permian Hunsaker Creek Formation of the Seven Devils Group 
record two distinct episodes of deformation (Kurz et al., 2010a In Review). Older D1 
deformation is documented in the Hunsaker Creek Fm. and is characterized by prominent 
foliation, lineations, folding, and other mesoscopic and microscopic structures that 
indicate a dominant right-lateral kinematic regime with minor left-lateral structures 
(Kurz, 2001; Kurz et al., 2010a In Review). D1 deformation is broadly constrained by the 
Middle Permian (Guadalupian) fossil age of the Hunsaker Creek Fm. (Vallier, 1967, 
1977) and the Late Triassic (ca. 229.43 ± 0.08 Ma) cross-cutting Suicide Point pluton 
(Kurz et al., 2010a In Review). Younger D2 deformation involves Late Triassic (ca. 
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229.43 ± 0.08 Ma to 224.80 ± 0.39 Ma) synmagmatic left-lateral, strike-slip mylonitic 
shearing associated with sinistral-oblique subduction (Avé Lallemant et al., 1985; Avé 
Lallemant, 1995; Kurz et al., 2009; Kurz et al., 2010a In Review, 2010b In Review). 
Middle to Late Triassic 40Ar/39Ar cooling ages were often interpreted as the minimum 
age for peak metamorphism and deformation (Balcer, 1980; Walker, 1986; Avé 
Lallemant, 1995; Snee et al., 1995; Vallier, 1995; Gray and Oldow, 2005). However, 
subsequent interpretations of combined quartz recrystallization textures (Kurz and 
Northrup, 2008), titanium-in-quartz thermometry (Kohn and Northrup, 2009), and high-
precision U-Pb ages for magmatic rocks show that hornblende cooling ages likely 
correspond to magmatic cooling as opposed to metamorphism (Kurz et al., 2010a In 
Review). 
 
Oxbow Complex 
The Oxbow Complex is exposed along the Snake River near Oxbow, Oregon (in 
the type locality), and extends to the northeast towards Cuprum, Idaho along Indian 
Creek (Figures 3.1 and 3.2). The Oxbow Complex is lithologically and structurally 
similar to the Cougar Creek Complex; major rock types include diabase, gabbro, diorite, 
quartz diorite, tonalite and their metamorphosed and deformed equivalents (Vallier, 1967; 
Phelps, 1978; Balcer, 1980; Schmidt, 1980; Avé Lallemant et al., 1985; Avé Lallemant, 
1995; Vallier, 1995). Most rocks in the Oxbow Complex were deformed and 
recrystallized under greenschist to amphibolite-facies conditions (Vallier, 1967, 1995). 
Many lithologic contacts have been either altered through strong deformation or are 
gradational, which obscures the original nature of some cross-cutting relationships. 
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Tectonic fabrics in the Oxbow Complex include a well-developed NE-SW 
trending proto-mylonitic to ultra-mylonitic foliation that dips moderately to steeply to the 
NW or SE, and NE-SW trending, horizontal to subhorizontal stretching lineations defined 
by deformed and/or aligned mineral grains (Figures 3.2; Schmidt, 1980; Avé Lallemant, 
1995; Vallier, 1995). Mesoscopic and microscopic analysis of mylonitic rocks indicates 
left-lateral transport analogous to the Cougar Creek Complex (Schmidt, 1980; Avé 
Lallemant et al., 1985; Avé Lallemant, 1995). 
Four hornblende 40Ar/39Ar plateau ages range from 214 Ma to 228 Ma (Phelps 
1978; Avé Lallemant et al., 1980; Balcer, 1980), and are consistent with Late Triassic 
cooling. Multi-grain fractions of zircon derived from a silicic mylonitic dike yielded a 
concordant Earliest Triassic U-Pb age of 249 Ma for one component of the composite 
magmatic complex, as well as a maximum constraint for post-Early Triassic mylonitic 
deformation (Walker, 1986). Two multi-grain fractions from a deformed tonalitic pluton 
yielded discordant (minimum) U-Pb zircon ages of 225 to 222 Ma. 
Bedrock geology mapped by Vallier (2010, In Progress) provided the base for 
field investigation and sample collection in this study (Figure 3.2). In this section, we 
restrict descriptions to specific geologic units from which samples were collected and 
addressed in this study. The sheared rhyolite-amphibolite unit (PTRora) contains rhyolite 
and cross-cutting mafic dikes, and is inferred to be Permian in age (Vallier, 2010 In 
Progress). The sheared tonalite-amphibolite unit (PTRota) consists of mylonitic tonalite, 
gabbro, and basalt dikes. Older and more intensely deformed tonalitic bodies are cross-
cut by later mafic bodies that often exhibit lesser degrees of deformation. The sheared 
amphibolite unit (PTRoa) is composed entirely of intensely deformed gabbro, diabase, 
 100 
and basalt intrusions, locally defined at the mouth of Indian Creek and across the Snake 
River on the Oxbow (Figure 3.2). The gabbro-diabase unit (PTRogd) is characterized by 
medium to fine-grained dikes and tabular intrusive units that exhibit relatively less 
deformation compared to adjacent rocks within the sheared tonalite-amphibolite unit. A 
comparatively larger medium to coarse-grained quartz diorite pluton (Poqd) crops out 
northwest of Indian Creek, and records variable amounts of crystal-plastic 
recrystallization expressed by poor to well-developed mylonitic foliation that parallels the 
dominant NE-SW structural grain of the Oxbow Complex. Mylonitic fabrics are weaker 
in the interior portion of the pluton and increase in intensity along its southeastern margin 
adjacent to the sheared tonalite-amphibolite and amphibolite units. 
In the southwestern corner of the Oxbow 7.5-minute quadrangle, just north of 
Brownlee Dam along the Brownlee-Oxbow Highway, another window of Permo-Triassic 
rocks is exposed (Figure 3.2B). A coarse-grained quartz diorite (Pwqd) comprises the 
only plutonic lithology in the area. This pluton records prominent thrust-sense faulting 
that may be related to the nearby Wildhorse Shear Zone, which juxtaposes rocks of the 
Wallowa and Baker terranes within the Wildhorse River canyon, approximately two 
miles to the east (Mann, 1988; Mann and Vallier, 2007). Sample OX08-08 was collected 
from this quartz diorite for U-Pb geochronology (see the U-Pb Gecochronology section). 
 
Salmon River Canyon 
Plutonic rocks are exposed at several locations along the Salmon River canyon 
near White Bird, Slate Creek, and Lucile, Idaho. Previous geochronologic data for 
intrusive rocks in the Salmon River canyon include multi-grain zircon fractions from a 
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mylonitic tonalite unit and a trondhjemite body, which yielded U-Pb ages of 258 Ma and 
260 Ma, respectively (Walker, 1986). In this study, three samples were collected from the 
“metatonalite” map unit described in detail by Schmidt et al. (2009): the metatonalite 
(SAL09-01), a cross-cutting basalt dike (SAL09-02), and a late-stage hornblende-rich 
comagmatic phase of the metatonalite unit (SAL09-03). The cross-cutting basalt dike 
may also coincide with lithologies that define the “fine-grained greenstone” map unit of 
Schmidt et al. (2009). Cross-cutting relationships between older and silicic, coarse-
grained plutonic rocks and later fine to coarse-grained mafic to intermediate intrusive 
units are common to the west in the Cougar Creek Complex as well (Kurz, 2001; Kurz et 
al., 2010a In Review). 
 
Olds Ferry Arc Terrane 
With respect to the North American continent, the Olds Ferry arc is the most 
inboard tectonostratigraphic unit of the Blue Mountains Province, and it is considerably 
less exposed compared to the Wallowa arc (Figure 3.1; Brooks and Vallier, 1978; 
Brooks, 1979; Mullen and Sarewitz, 1983; Dickinson, 1979; Silberling et al., 1984). 
Several paleogeographic interpretations for the Olds Ferry arc have been proposed. One 
interpretation suggests that the Olds Ferry evolved within an oceanic setting as a younger 
arc component built upon the older Wallowa arc, forming a “two-stage” composite island 
arc system (Vallier, 1995). Other work speculates that the Olds Ferry represents a 
separate arc system (independent of the Wallowa) that fringed the North American craton 
(Miller, 1987, Saleeby et al., 1992). 
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Volcanic, volcaniclastic, carbonate, and clastic sedimentary rocks of the lower 
and upper members of the Huntington Formation comprise the bulk of the OF 
supracrustal record (Brooks et al., 1976; Brooks, 1979; Collins, 2000; Dorsey and 
LaMaskin, 2007; Tumpane, 2010). The lower Huntington Formation consists primarily of 
mafic to intermediate massive lava flows, volcanic breccias, and subordinate 
volcaniclastic, conglomerate, and carbonate lithologies (Juras, 1973; Collins, 2000; 
Dorsey and LaMaskin, 2007; Tumpane, 2010). The upper member of the Huntington 
Formation is distinguished by abundant volcaniclastic and sedimentary lithologies, such 
as volcanic sandstone, turbidites, conglomerates with cobble to boulder-sized clasts, and 
laminated shale. An additional contrast is the apparent increase in silicic volcanic rocks 
within the upper Huntington Formation (Collins, 2000; Dorsey and LaMaskin, 2007; 
Tumpane, 2010). The Lower to Middle Jurassic Weatherby Formation (Brooks, 1979) of 
the Izee basin unconformably overlies the Huntington Formation. This relationship is 
well-documented at the former Bayhorse mine located along the Oregon side of 
Brownlee reservoir north of Huntington, where a distinctive rhyolite tuff of the upper 
Huntington is overlain by the McCord Butte conglomerate that contains clasts of the 
upper Huntington (Brooks, 1967; Juras, 1973; Hendricksen, 1975; Brooks, 1979; 
Tumpane, 2010). 
Paleontologic data from previous studies of the Huntington Formation place these 
dominantly volcanogenic rocks in the Late Triassic (late Carnian to Norian; Brooks and 
Vallier, 1978; Brooks, 1979; Vallier, 1995). Recent high-precision ID-TIMS U-Pb 
geochronologic data (Tumpane, 2010) for volcanic lithologies from the lower and upper 
members of the Huntington Formation provide the first radiometric ages for these 
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supracrustal rocks. U-Pb ages for two samples from the lower Huntington Formation 
range from 221.72 ± 0.12 Ma to 220.66 ± 0.18 Ma (Tumpane, 2010). U-Pb ages for two 
samples from the top of the upper Huntington Formation ranged from 188.45 ± 0.05 Ma 
to 187.10 ± 0.05 Ma (Tumpane, 2010). A precise age for the bottom of the upper 
Huntington section has not been determined. 
Exposures of intrusive basement rocks of the Olds Ferry arc are limited, requiring 
the use of multiple field areas to obtain a representative suite of samples. For this study, 
we conducted field investigations near the town of Huntington, Oregon along Brownlee 
reservoir, in the Dennett Creek area near the historic mining town of Mineral, Idaho, and 
within Rush Creek canyon located northwest of Cambridge, Idaho. Below we provide a 
brief description of key relationships documented in each of the field areas. 
 
Plutonic Basement Rocks Near Huntington, Oregon 
A coarse-grained trondjhemite (TRb; HT04-04) represents the primary intrusive 
body exposed in this area, and is located ~2.5 miles north of the confluence between the 
Burnt River and the Snake River (i.e., Brownlee reservoir) along the Snake River road in 
Oregon (Figure 3.3). This trondjhemite is also exposed to the east across the Brownlee 
reservoir in Idaho, and is referred to as the Brownlee trondjhemite in this study. A small 
body of trondjhemite (TRb; HT07-02) is exposed on the Idaho side of Brownlee reservoir 
about one mile south of the main Brownlee trondjhemite, and is interpreted as a portion 
of the same unit. However, this small intrusive unit is more melanocratic compared to the 
Brownlee trondjhemite, containing a larger proportion of altered hornblende. 
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The Brownlee trondjhemite has been interpreted as being intrusive into the 
Huntington Formation (Juras, 1973; Brooks et al., 1976; San Filippo, 2006), or as 
basement upon which the Huntington Formation was deposited (Vallier, 1995; Tumpane, 
2010). Field relationships recently documented by Tumpane (2010) show that the 
Brownlee tonalite represents the depositional basement for both the lower and upper 
members of the Huntington Formation. This stratigraphic relationship also agrees with 
new and existing geochronologic and paleontologic age constraints for the trondjhemite 
and the Huntington Formation, respectively (Brooks, 1979; Walker, 1986; LaMaskin, 
2008; Tumpane, 2010). 
 
Mineral-Iron Mountain District, Idaho 
Intrusive rocks exposed in the Dennett Creek area were most recently mapped by 
Payne and Northrup (2003) as the composite Iron Mountain granodiorite, consisting of 
equigranular granite, monzonite, hornblende quartz diorite, and smaller outcrops of 
hornblende ± plagioclase porphyry within the surrounding country rocks. At least one 
component from the composite Iron Mountain granodiorite has been dated at 200 ± 4 Ma 
by K-Ar in biotite, indicating Early Jurassic cooling (Hendricksen et al., 1972). 
Further geologic mapping conducted during this study has identified three 
recognizable intrusive units in the Dennett Creek area. A hornblende-biotite granodiorite 
(i.e., Iron Mountain granodiorite [TRgd]; DC07-06) represents the primary intrusive unit 
within the Dennett Creek drainage (Figure 3.4). A biotite granodiorite (TRtgd; DC08-07) 
was distinguished in the eastern portion of the map area based on the abundance of biotite 
as a primary mafic mineral and higher quartz contents relative to the granodiorite within 
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the Dennett Creek drainage to the west. Small exposures of hornblende-plagioclase 
porphyritic hypabyssal andesite (Tha) located throughout the field area are usually 
observed intruding the Big Hill shale (Jbhs), which is correlative to the Lower to Middle 
Jurassic Weatherby Formation (Brooks, 1979; Tumpane, 2010). An excellent example of 
this intrusive relationship is documented in a small drainage southwest of Mineral 
(location of sample DC08-01; Figure 3.4). Intrusive rocks exposed to the west near 
Lookout Mountain in Oregon exhibit chilled margins described as “hornblende andesite” 
similar to the Eocene lithologies observed near Dennett Creek (Prostka, 1967). 
 
Rush Creek Canyon 
Plutonic basement rocks of the Olds Ferry arc are exposed in the uplifted footwall 
block of the Rush Peak fault in the Cuddy Mountains of western Idaho (Figures 3.1 and 
3.5). Intrusive lithologies include gabbo (RC07-06; TRgb), quartz diorite (RC07-03; 
TRqd), porphyritic granodiorite (RC08-04; TRpg), and biotite granite (RC07-05; TRgr). 
The gabbro is locally foliated and exhibits outcrop-scale magma-mixing textures with the 
quartz diorite. Additional map unit descriptions are compiled from previous work in 
Smith and Wood (2001) and Smith (2003 and references therein). Previous K-Ar ages for 
these intrusive rocks range from 216 Ma to 190 Ma (Hendrickson et al., 1972). 
 
Analytical Methods 
Trace element abundances, including rare earth elements (REE), were analyzed 
on a Thermo Scientific X-Series 2 quadrupole ICP-MS at the Boise State University 
(BSU) Biogeochemistry and Trace Element Facility (29 samples). Accuracies of ICP-MS 
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analyses are estimated at 5% for trace elements. Radiogenic tracer isotope analyses were 
measured by isotope-dilution using an IsotopX Isoprobe-T multicollector thermal 
ionization mass spectrometer. Detailed descriptions of the procedures used for sample 
dissolution and cation separation are provided in Appendix C. Analytical procedures for 
U-Pb geochronology are also provided in Appendix C. 
 
U-Pb Geochronology 
The ability to parse time at higher resolution using U-Pb zircon ages determined 
by isotope dilution thermal ionization mass spectrometry (ID-TIMS) has progressed 
significantly due to substantial reduction of common Pb blank contributions, analysis of 
single crystals and/or fragments of zircon grains, and the use of effective annealing and 
chemical abrasion procedures to mitigate the effects of Pb-loss (Bowring and Schmitz, 
2003; Mundil et al., 2004; Mattinson, 2005; Matzel et al., 2006; Schoene et al., 2006; 
Crowley et al., 2007). The improved temporal resolution of single U-Pb zircon ages 
facilitate more detailed interpretations of igneous crystallization histories (Miller et al., 
2007). Dispersion of concordant single zircon ages along a traditional Wetherill 
Concordia or distinct populations of concordant analyses from the same sample are now 
useful to infer portions of the petrogenetic evolution of a magma (Miller et al., 2007). In 
this paper we utilize terminology (e.g., autocryst, antecryst, xenocryst, and inherited 
grain or inheritance) from Miller et al. (2007, and references therein) to provide a 
common foundation for the interpretation of our data, and help describe characteristics in 
zircon age systematics observed in our samples. 
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Intrusive Rocks from the Olds Ferry Arc Terrane 
Previous geochronologic investigations in the Olds Ferry arc provide one U-Pb 
crystallization age of 235 Ma for the Brownlee trondjhemite (HU79-1 of Walker, 1986) 
and five K-Ar ages that range from 200 Ma to 171 Ma (Hendricksen et al., 1972; Bruce, 
1971; Armstrong and Besancon, 1970; Field et al., 1969). In this section, we present new 
U-Pb zircon crystallization ages for nine intrusive units to help constrain the timing and 
duration of magmatism in the Olds Ferry arc. All U-Pb data are available in Appendix C 
(Tables C.1, C.2, and C.3). 
 
Brownlee Trondjhemite 
Seven zircon grains from the Brownlee trondjhemite (HT04-04; Figure 3.3) 
yielded concordant analyses with 206Pb/238U dates ranging from 237.85 ± 0.16 Ma to 
237.54 ± 0.14 Ma (Figure 3.6A). All seven grains provide a weighted mean 
crystallization age of 237.68 ± 0.07 Ma (MSWD=1.8, n=7; Table 3.1). 
Nine zircon grains from a small trondjhemite intrusive body (HT07-02), located 
just southeast of the Brownlee trondjhemite (Figure 3.3), yielded concordant analyses 
with 206Pb/238U dates ranging from 237.72 ± 0.13 Ma to 220.23 ± 0.15 Ma (Figure 3.6B). 
Seven consistent analyses give a weighted mean crystallization age of 237.60 ± 0.05 Ma 
(MSWD=1.9, n=7; Table 3.1). Two younger zircon ages of 236.28 ± 0.15 Ma and 220.23 
± 0.15 Ma imply variable lead-loss. The statistically identical ages for the Brownlee 
trondjhemite and this small intrusive body suggest that they are portions of a single 
pluton, or plutonic suite. 
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Iron Mountain Biotite Granodiorite 
Eight zircon grains from the Iron Mountain biotite granodiorite (DC08-07; Figure 
3.4) yielded concordant analyses with 206Pb/238U dates ranging from 228.67 ± 0.12 Ma to 
224.24 ± 0.13 Ma (Figure 3.6C). The youngest zircon age of 224.24 ± 0.13 Ma is inferred 
as the maximum age for the pluton. Three older analyses are interpreted as antecrysts and 
provide a weighted mean age of 228.61 ± 0.08 Ma (MSWD=0.81, n=3; Table 3.1) for an 
older cycle of magmatism. 
 
Rush Creek Gabbro 
Eight zircon grains from the Rush Creek gabbro (RC07-06; Figure 3.5) yielded 
concordant analyses with 206Pb/238U dates ranging from 221.29 ± 0.12 Ma to 220.80 ± 
0.13 Ma (Figure 3.6D). Six analyses provide a weighted mean crystallization age of 
220.88 ± 0.05 Ma (MSWD=1.17, n=6; Table 3.1). Two slightly older zircon ages of 
221.29 ± 0.12 Ma and 221.13 ± 0.13 Ma are interpreted as antecrysts and provide a 
weighted mean age of 221.22 ± 0.13 Ma (MSWD=3.5, n=2) for an older pulse of 
cystallization. 
 
Rush Creek Quartz Diorite 
Nine zircon grains from the Rush Creek quartz diorite (RC07-03; Figure 3.5) are 
concordant with 206Pb/238U ages ranging from 221.20 ± 0.13 Ma to 220.22 ± 0.12 Ma 
(Figure 3.6E). Three separate clusters of analyses are recognized, indicating distinct 
pulses of zircon crystallization. The youngest group of crystals give a weighted mean age 
of 220.29 ± 0.06 Ma (MSWD=1.3, n=4) constraining the time of final crystallization 
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(Table 3.1). The two older clusters of analyses are interpreted as antecrysts and represent 
earlier phases of crystallization at 221.18 ± 0.11 Ma (MSWD=0.25, n=2) and 220.78 ± 
0.08 Ma (MSWD=0.001, n=3). The oldest group of analyses for this sample temporally 
correlate with the two oldest grains from sample RC07-06, while the younger group of 
antecrysts from this sample match the crystallization age of the gabbro (Figure 3.6D). 
 
Rush Creek Porphyritic Granodiorite 
Five zircon grains from the Rush Creek porphyritic granodiorite (RC07-04; 
Figure 5) are concordant with 206Pb/238U dates ranging from 219.73 ± 0.23 Ma to 219.03 
± 0.13 Ma (Figure 3.6F). The two younger grains give a weighted mean age of 219.10 ± 
0.10 Ma (MSWD=2.9, n=2; Table 3.1), which is interpreted as a maximum crystallization 
age for the pluton. The three older zircon analyses are interpreted as antecrysts and 
provide a weighted mean age of 219.64 ± 0.09 Ma (MSWD=0.43, n=3) for an older 
episode of magmatism. 
 
Rush Creek Biotite Granite 
Nine zircon grains from the Rush Creek biotite granite (RC07-05; Figure 3.5) are 
concordant with 206Pb/238U ages ranging from 219.17 ± 0.12 Ma to 216.50 ± 0.12 Ma 
(Figure 3.6G), and do not form any discernable groups that may be used to calculate a 
mean crystallization age. The youngest single-crystal zircon age of 216.50 ± 0.12 Ma is 
interpreted as the maximum age for the final solidification of this unit (Table 3.1). 
 
Quartz Diorite Boulder, Weatherby Conglomerate 
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Seven concordant zircon grains from a quartz diorite boulder (CUD09-01), 
collected from a Jurassic conglomerate located ~10 miles west of Rush Creek along 
Idaho State Highway 71, provide ages that range from 216.55 ± 0.13 Ma to 216.22 ± 0.12 
Ma (Figure 3.6H). Six analyses give a weighted mean crystallization age of 216.48 ± 0.06 
Ma (MSWD=0.81, n=6; Table 3.1). The youngest analysis may have experienced a small 
amount of Pb-loss, and was not included in the weighted mean calculation. The age of 
this quartz diorite boulder is similar to the maximum age constraint for the Rush Creek 
biotite granite (Figure 3.6G). 
 
Iron Mountain Hornblende Granodiorite 
Five zircon grains from the Iron Mountain hornblende granodiorite (DC07-06; 
Figure 3.4) are concordant with 206Pb/238U ages ranging from 210.20 ± 0.12 Ma to 209.93 
± 0.12 Ma (Figure 3.6I). A weighted mean crystallization age of 210.04 ± 0.12 Ma was 
calculated for this pluton (MSWD=2.8, n=5; Table 3.1). 
 
Hypabyssal Andesite 
Numerous porphyritic, hornblende-plagioclase phyric hypabyssal andesite bodies 
intrude the Jurassic Big Hill shale (i.e., the Weatherby Formation) throughout the Dennett 
Creek drainage. Five euhedral to subhedral single-grain titanite were analyzed from two 
separate samples. Low U/Pb ratios for titanite prohibited the use of radiogenic Pb model 
ages. However, analyses were plotted on 238U-206Pb isochron diagrams yielding 
238U/206Pb isochron ages of 47.78 ± 0.47 Ma (Table 3.1; DC08-01) and 46.5 ± 2.6 Ma 
(Table 3.1; DC08-14), and initial 206Pb/204Pb compositions of 19.04 and 18.94, 
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respectively (Figure 3.7). Initial 206Pb/204Pb ratios calculated from the isochron diagrams 
agree with initial 206Pb/204Pb ratios measured for coexisting feldspar. 
 
Intrusive Rocks from the Oxbow Complex 
Previous geochronologic studies of intrusive rocks from the Oxbow Complex 
(Figure 3.2) include U-Pb ages for two deformed tonalite bodies (Walker, 1986). Two 
multi-grain zircon analyses from a mylonitic tonalite dike (CO80-1) yielded concordant 
206Pb/238U ages of 250 Ma and 249 Ma, while two multi-grain zircon analyses from a 
deformed tonalite pluton (CO79-1) gave discordant 206Pb/238U ages of 225 Ma and 222 
Ma. Discordant ages were interpreted as a minimum age for the pluton (Walker, 1986). 
40Ar/39Ar hornblende cooling ages for intrusive rocks from the Oxbow Complex range 
from 228 to 214 Ma, and are interpreted as the time of peak metamorphism (Phelps, 
1978; Avé Lallemant et al., 1980; Balcer, 1980; Avé Lallemant et al., 1985). In this 
section, we present new U-Pb zircon crystallization ages for one deformed quartz diorite 
pluton from the Oxbow Complex, and a quartz diorite pluton located ~10 km south of 
Oxbow, Oregon along the Brownlee-Oxbow Highway (Figure 3.2). 
 
Oxbow Quartz Diorite 
Nine zircon grains from the variably deformed Oxbow quartz diorite (OX08-02; 
Figure 3.2) are concordant with 206Pb/238U ages that range from 261.30 ± 0.50 Ma to 
258.98 ± 0.17 Ma (Figure 3.8A). Six analyses provide a weighted mean crystallization 
age of 259.14 ± 0.18 Ma (MSWD=2.8, n=6; Table 3.1). Three older analyses are 
interpreted as either antecrysts from earlier phases of crystallization or as xenocrysts. 
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Wildhorse Quartz Diorite 
Nine zircon grains from the Wildhorse quartz diorite (OX08-08), located to the 
south of the Oxbow Complex (Figure 3.2), are concordant with 206Pb/238U ages that range 
from 258.83 ± 0.25 Ma to 257.70 ± 0.23 Ma (Figure 3.8B). Eight crystals yield a 
weighted mean crystallization age of 258.74 ± 0.06 Ma (MSWD=0.29, n=8; Table 3.1). 
The youngest zircon age is interpreted to have experienced slight Pb-loss. 
 
Intrusive Rocks from the Salmon River Canyon 
Walker (1986) provided U-Pb ages for two samples collected in the Salmon River 
canyon. Two multi-grain analyses from a mylonitic tonalite pluton (SC80-1) yielded ages 
of 259 Ma and 258 Ma. Two multi-grain analyses from a second deformed tonalite pluton 
(LU80-1) gave U-Pb ages of 261 Ma and 259 Ma. 
 
Tonalite 
Eight zircon grains from a tonalite pluton (SAL09-01), exposed within the 
Salmon River canyon approximately three kilometers south of Slate Creek, Idaho, are 
concordant with 206Pb/238U ages that range from 269.09 ± 0.16 Ma to 268.43 ± 0.21 Ma 
(Figure 3.9). Seven analyses give a weighted mean crystallization age of 268.57 ± 0.07 
Ma (MSWD=1.5, n=7; Table 3.1). One older zircon grain is interpreted as either an 
antecryst or a xenocryst. 
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Trace Element Geochemistry 
In this section, we present new trace element data for intrusive rocks from the 
Olds Ferry arc, the Oxbow Complex, and the Salmon River canyon. These data are 
broadly used to characterize tholeiitic versus calc-alkaline magma series, and interpret 
likely tectonic settings. Trace element data are provided in Appendix C (Table C.4). 
Geochemical data are combined with new high-precision U-Pb age constraints presented 
in the previous section to explore temporal trends in the composition of recorded 
magmatism. 
Normal MORB-normalized spider diagrams of incompatible trace elements for 
intrusive rocks collected from Olds Ferry arc, the Oxbow Complex and the Salmon River 
canyon all show patterns attributable to formation in a subduction environment, including 
positive spikes in normalized Ba, U, Pb, and Sr, and negative high field strength element 
anomalies (Figures 3.10A through 3.10D). Chondrite-normalized rare earth element 
(REE) patterns for samples from all of the study areas show variable amounts of light 
REE enrichment and depletion. Middle REE patterns show variable amounts of 
enrichment relative to the heavy REE. Some samples show slight convex-up REE 
patterns, indicating fusion of a previously depleted source. One sample in particular 
(HT07-04), a gabbroic boulder collected from a conglomerate unit within the lower 
Huntington Formation, shows a pronounced depleted and convex-up REE pattern, as well 
as a strong positive Eu anomaly attributed to plagioclase accumulation. Negative Eu 
anomalies are observed for samples that exhibit both light REE enrichment and depletion, 
and indicate plagioclase fractionation during petrogenesis. Chondrite-normalized 
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La/SmCN ratios further illustrate the variable light REE enrichment and depletion, and the 
convex-up nature of some REE patterns (i.e., La/SmN<1; Figure 3.11A). 
A Ta versus Yb discriminate diagram (Pearce et al., 1984) shows that all samples 
from the Olds Ferry arc, the Oxbow Complex, and the Salmon River canyon plot within 
the field for volcanic arc granites (Figure 3.11B). A Th/Yb versus Ta/Yb discriminate 
diagram for volcanic arc rocks (Pearce, 1982) illustrates that intrusive lithologies from all 
three study areas plot within both the island arc tholeiite and calc-alkaline fields (Figure 
3.11C). 
U-Pb zircon ages provide valuable temporal context for trace element data. 
Chondrite-normalized La/SmCN ratios for intrusive rocks from the Olds Ferry arc show a 
general increase with decreasing age (Figure 3.11A). Older mafic to silicic intrusives 
exhibit La/SmCN ratios less than one, indicating stronger depletion in the light REE as 
well as slightly convex-up REE patterns (Figures 3.10A and 3.10B). Younger intrusive 
rocks exhibit La/SmCN values that are often greater than one, indicating stronger light 
REE enrichment. A similar pattern is also shown on the Th/Yb versus Ta/Yb diagram. 
Older intrusive basement rocks from the Olds Ferry arc are tholeiitic, and younger 
lithologies are dominantly calc-alkaline (Figure 3.11C). 
U-P zircon ages and documented field relationships for igneous rocks from the 
Oxbow Complex and the Salmon River canyon commonly show Permian silicic intrusive 
bodies cross-cut by relatively younger mafic rocks. Trace element data show an apparent 
correlation with this relationship. Permian silicic intrusives from the Oxbow Complex 
and the Salmon River canyon consistently exhibit La/SmCN ratios that are greater than 
one and hence, stronger light REE enrichment (Figure 3.11A). Relatively younger cross-
 115 
cutting mafic units show light REE depletion (i.e., La/SmCN < 1), and convex-up patterns. 
On the Th/Yb versus Ta/Yb diagram, Permian samples are consistently calc-alkaline 
while younger mafic rocks are tholeiitic (Figure 3.11C). 
 
Isotope Geochemistry 
Unit recently, Rb-Sr, Sm-Nd, and common Pb isotopic data for accreted arc 
terranes of the Blue Mountains Province were virtually nonexistent, and presented a 
significant information gap handicapping a complete understanding of the tectonic 
evolution of the region. Schwartz et al. (2010) provided the first published Sr and Nd 
isotopic data for late Paleozoic to early Mesozoic igneous and sedimentary rocks from 
the Wallowa and Baker terranes. These isotopic data were used to test hypotheses related 
to the origin of sedimentary rocks from the Wallowa and Baker terranes, as well as to 
offer a baseline characterization of these lithologies. In this section, we report new Sr, 
Nd, and Pb isotopic data for intrusive basement rocks from the Cougar Creek Complex 
(i.e., the Wallowa arc), the Olds Ferry arc, the Oxbow Complex, and the Salmon River 
canyon north of Riggins, ID (Table C.5). 
Intrusive rocks of the Cougar Creek Complex exhibit 87Sr/86SrInitial ratios that 
range from 0.7026 to 0.7032, and positive εNdInitial values that range from +6.74 to +9.53 
(Figure 3.12A). Sr and Nd isotopic compositions do not show any systematic variation 
with respect to age (Kurz et al., 2010a In Review). Initial 206Pb/204Pb, 207Pb/204Pb, and 
208Pb/204Pb common lead ratios range from 18.21 to 18.72, 15.50 to 15.56, and 37.62 to 
38.05, respectively (Figures 3.12D and 3.12E). Measured 206Pb/204Pb ratios do not show 
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any significant variation with regard to age. However, 207Pb/204Pb and 208Pb/204Pb ratios 
show a slight increase with decreasing age. 
Intrusive basement rocks of the Olds Ferry arc exhibit 87Sr/86SrInitial ratios that 
range from 0.7031 to 0.7050, and positive εNdInitial values that range from +2.04 to +7.65 
(Figure 3.12A). Olds Ferry samples show a pronounced systematic decrease in their Nd 
isotopic compositions with respect to age. Sr isotopic compositions increase with 
decreasing age, although this pattern is less pronounced. Initial 206Pb/204Pb, 207Pb/204Pb, 
and 208Pb/204Pb common lead ratios range from 18.51 to 18.80, 15.57 to 15.62, and 38.23 
to 38.52, respectively (Figures 3.12D and 3.12E). All Pb isotopic ratios show a 
systematic increase relative to decreasing age. 208Pb/204Pb ratios show the most 
pronounced increase with progressively younger U-Pb ages. Samples collected from 
Rush Creek canyon consistently show less radiogenic Sr and Pb isotopic characteristics, 
and more radiogenic Nd isotopic compositions relative to other basement rocks of the 
Olds Ferry. 
Igneous rocks of the Oxbow Complex exhibit 87Sr/86SrInitial ratios that range from 
0.7026 to 0.7040, and positive εNdInitial values that range from +6.95 to +8.55 (Figure 
3.12A). Initial 206Pb/204Pb, 207Pb/204Pb, and 208Pb/204Pb ratios range from 18.46 to 19.32, 
15.52 to 15.59, and 37.91 to 38.29, respectively (Figures 3.12D and 3.12E). 206Pb/204Pb 
ratios for Oxbow samples show increased variation and are more radiogenic compared to 
207Pb/204Pb and 208Pb/204Pb ratios. We infer this is a result of either 1) excess radiogenic 
206Pb that had not been completely removed during consecutive leaching steps, or 2) later 
feldspar recrystallization and alteration of original Pb isotopic compositions. 
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Intrusive lithologies collected along the Salmon River, north of Riggins, ID, 
exhibit 87Sr/86SrInitial ratios that range from 0.7029 to 0.7033, and positive εNdInitial values 
that range from +7.33 to +7.89 (Figure 3.12A). Initial 206Pb/204Pb, 207Pb/204Pb, and 
208Pb/204Pb ratios range from 19.17 to 19.83, 15.55 to 15.59, and 38.18 to 38.20, 
respectively (Figures 3.12D and 3.12E). Similar to data from the Oxbow Complex, 
206Pb/204Pb ratios for Salmon River samples show increased variation and are more 
radiogenic relative to 207Pb/204Pb and 208Pb/204Pb ratios, characteristics attributed to either 
1) excess radiogenic 206Pb that had not been completely mitigated during consecutive 
leaching steps, or 2) later recystallization of feldspar. 
 
Discussion 
High-precision U-Pb zircon ages presented in this study help to define the timing 
and duration of magmatism in the Olds Ferry arc terrane, the Oxbow Complex, and in 
plutonic rocks from the Salmon River canyon. New trace element and Sr, Nd, and Pb 
isotopic data further characterize and discriminate pulses of arc magmatism, and 
highlight fundamental geochemical differences. In this section, we begin by describing 
the magmatic histories of the Olds Ferry and Wallowa arc terranes by incorporating our 
new and other existing data to build a more complete framework for comparison. Next, 
we outline timing and geochemical characteristics for intrusive rocks from the Oxbow 
Complex and the Salmon River canyon, compare these rocks to those described for the 
Olds Ferry and Wallowa arc terranes, and infer likely associations. Finally, we integrate 
our results with a variety of existing data and tectonic models to help clarify the geologic 
evolution of the Blue Mountains Province. 
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Magmatism in the Olds Ferry Arc 
New and existing U-Pb ages for intrusive lithologies and supracrustal rocks from 
the Huntington Formation, combined with documented field relationships, distinguish 
three pulses of magmatism and two unconformities in the geologic record of the Olds 
Ferry arc from the Middle Triassic to the Early Jurassic. Until the late Middle Triassic 
(ca. 237.60 ± 0.05 Ma), intrusive activity in the Olds Ferry arc consisted primarily of 
mafic to silicic tholeiitic magmatism. From 237.60 ± 0.05 Ma to prior to 228.61 ± 0.08 
Ma, the Olds Ferry arc underwent a period of uplift and erosion with no apparent record 
of igneous activity. In the early Late Triassic, from 228.61 ± 0.08 Ma to 210.04 ± 0.12 
Ma, a second cycle of magmatism consisted of mafic to silicic, tholeiitic to calc-alkaline 
activity that became isotopically more evolved with time. After the emplacement of the 
Iron Mountain granodiorite (ca. 210.04 ± 0.12 Ma), and until the deposition of the upper 
member of the Huntington Formation, the Olds Ferry terrane records a second episode of 
erosion and hiatus in igneous activity. The initiation of explosive silicic volcanism 
associated with the upper Huntington Formation (Brooks, 1979; Vallier, 1995; Tumpane, 
2010) represents the third episode of igneous activity in the Olds Ferry arc, which began 
sometime after 210.04 ± 0.12 Ma and lasted into the early Middle Jurassic (ca. 173.91 ± 
0.07 Ma; Tumpane, 2010). 
The oldest known episode of magmatism in the Olds Ferry arc (i.e., 237.60 Ma 
and older) is constrained by the age of the Brownlee trondjhemite and the nature of its 
contact with the overlying lower Huntington Formation. Field relationships reported by 
Tumpane (2010) show that the Brownlee trondjhemite is the depositional basement for 
both members of the Huntington Formation, indicating that magmatism associated with 
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this pluton occurred before the deposition of the lower Huntington. The Brownlee 
trondjhemite (HT04-04) and another small related plutonic body (HT07-02; Figure 3.3) 
are dated at 237.68 ± 0.07 Ma and 237.60 ± 0.05 Ma, respectively, providing a minimum 
age constraint for this episode of magmatism. The maximum age for this cycle of igneous 
activity is unknown. Thus far, the Brownlee trondjhemite is the only geologic record of 
this episode of magmatism. Additional evidence for older crystalline basement of the 
Olds Ferry arc include cobble to boulder-sized plutonic clasts preserved within a lower 
Huntington conglomerate unit. A gabbro boulder (HT07-04) was collected from this 
conglomerate for trace element and isotopic analyses, and indicates the occurrence of 
older mafic intrusive basement related to the Olds Ferry arc. 
Trace element data for the Brownlee trondjhemite (HT04-04) and the smaller unit 
to the south (HT07-02; Figure 3.3) show that they are tholeiitic (Figure 3.11C) and 
derived from a previously depleted source (Figures 3.10A and 3.11A). The gabbro clast 
collected from the lower Huntington is similarly tholeiitic, and highly depleted in 
incompatible trace elements. It has a strong, positive Eu anomaly, suggesting plagioclase 
accumulation. Intrusive rocks characterizing this cycle of magmatism exhibit juvenile Sr, 
Nd, and Pb isotopic compositions (Figures 3.12A though 3.12F). 
Intrusive rocks associated with the second cycle of magmatism are mafic to silicic 
in composition and are dominantly calc-alkaline (Figure 3.8C). The maximum age for 
this episode of magmatism (ca. 228.61 ± 0.08 Ma) is constrained by zircon antecrysts in 
the Iron Mountain biotite granodiorite (DC08-07). Ammonite and bivalve fossils from a 
limestone unit in the lower Huntington Formation, which unconformably overlies the 
Brownlee trondjhemite and belongs to the second phase of magmatism, are similarly late 
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Carnian to early Norian in age (i.e., ~228 Ma; Brooks and Vallier, 1978, LaMaskin, 
2008; LaMaskin et al., 2008). As described earlier, the lower Huntington Formation is 
associated with the second episode of magmatism because it unconformably overlies the 
Brownlee trondjhemite; the minimum age for this cycle of magmatism is constrained by 
the Late Triassic (ca. 210.04 ± 0.12 Ma) Iron Mountain hornblende granodiorite (DC07-
06), which is in turn unconformably overlain by the upper Huntington Formation in the 
Dennett Creek area (Figure 3.4; Hendricksen, 1975; Payne and Northrup, 2003; 
Tumpane, 2010). Two undated diabase dikes (HT07-01 and HT07-03) that cross-cut the 
Brownlee trondjhemite have depleted, tholeiitic compositions; and are interpreted to feed 
extrusive units of the lower Huntington Formation (Tumpane, 2010). 
Intrusive rocks collected in Rush Creek canyon are tholeiitic to calc-alkaline 
(Figure 3.11C), and exhibit chondrite-normalized REE patterns that show varying 
degrees of light REE enrichment (Figures 3.10B and 3.11A). New U-Pb ages also show 
that samples collected from Rush Creek canyon are chronologically related to the second 
cycle of magmatism (Table 3.1). Intrusive rocks that characterize the second episode of 
igneous activity exhibit juvenile and more evolved Sr, Nd, and Pb isotopic compositons 
(Figures 3.12A through 3.12F). 
The upper Huntington Formation and the lower portion of the Early to Middle 
Jurassic Weatherby Formation manifest the third cycle of magmatism, recording a 
fundamental transition to explosive silicic volcanism throughout the Olds Ferry arc 
(Dorsey and LaMaskin, 2007; Tumpane, 2010). The maximum age for this cycle of 
magmatism is only broadly constrained by the age of the Iron Mountain hornblende 
granodiorite (ca. 210.04 ± 0.12 Ma; DC07-06). The top of the upper Huntington 
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Formation is defined by an Early Jurassic (ca. 187.10 ± 0.05 Ma) regionally correlative 
rhyolite tuff (Payne and Northrup, 2003; Tumpane, 2010). The minimum age constraint 
for the third cycle of magmatim is based on the early Middle Jurassic (ca. 173.91 ± 0.07 
Ma) U-Pb age for a volcanic tuff unit located ~50 meters above the base of the 
Weatherby Formation in the Dennett Creek area (Tumpane, 2010). At this time, no 
plutonic equivalents to this cycle of magmatism have been identified. 
 
Comparisons with Magmatism in the Wallowa Arc 
The Cougar Creek Complex represents the intrusive level of the Wallowa oceanic 
island arc and records two temporally and compositionally distinct episodes of magmatic 
activity (Kurz et al., 2010a In Review). From Middle Permian to Early Triassic time 
(265.35 ± 0.18 Ma to 248.75 ± 0.08 Ma), the Wallowa arc consisted of silicic calc-
alkaline magmatism. From the Early to Late Triassic, an apparent hiatus in magmatic 
activity exists in the lithologic record of the arc. In the Late Triassic (229.43 ± 0.08 Ma to 
229.13 ± 0.45 Ma), brief, but voluminous magmatism was dominated by mafic to 
intermediate tholeiitic compositions. The Middle Permian to Early Triassic and Late 
Triassic episodes of magmatism in the Wallowa arc correspond, both compositionally 
and temporally, with the Hunsaker Creek and Wild Sheep Creek Formations of the Seven 
Devils Group (Vallier, 1967, 1977), respectively. The Wild Sheep Creek Formation 
overlies the Hunsaker Creek Formation above a regional unconformity that is reported 
throughout the Wallowa arc terrane (Vallier, 1977, 1995; Mann and Vallier, 2007). This 
large-scale feature temporally coincides with the Early Triassic to Late Triassic hiatus in 
magmatism.  
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In addition to recent high-precision U-Pb zircon ages, trace element data for 
intrusive rocks from the Cougar Creek Complex also clearly distinguish the two episodes 
of magmatism (Kurz et al., 2010a In Review). Chondrite-normalized REE patterns for 
silicic Middle Permain to Early Triassic units are enriched in light REE and show 
variable depletion in the heavy REE (Kurz et al., 2010a In Review). Late Triassic mafic 
to intermediate dikes and small plutons from the Cougar Creek Complex show flat to 
convex-upward REE patterns, indicating variable degrees of light REE depletion and a 
previously depleted source reservoir (Kurz et al., 2010a In Review). The recorded shift 
from dominantly silicic calc-alkaline magmatism to later mafic and intermediate tholeiitic 
igneous activity, after a clear hiatus in volcanism, was interpreted by Kurz et al. (2010a 
In Review) as the result of spreading ridge subduction. 
High-precision U-Pb ages for samples from the Wallowa and Olds Ferry arcs 
show that Middle Permain to Early Triassic magmatism is not identified in the Olds Ferry 
arc, and that magmatism in both arcs temporally overlap in the Late Triassic. New Sr, 
Nd, and Pb isotopic data for intrusive rocks from both cycles of magmatism recorded in 
the Wallowa arc show consistently juvenile compositions, and are in contrast with 
isotopic compositions for magmatic rocks from the Olds Ferry arc, which are more 
evolved (Figures 3.12A through 3.12F). 
Intrusive rocks exposed in the Salmon River canyon are interpreted as the eastern 
continuation of basement rocks associated with the Wallowa arc. This interpretation is 
based on lithologic characteristics and cross-cutting relationships comparable to those 
documented in the Cougar Creek Complex located immediately to the west in the Snake 
River canyon. New trace element and isotopic data for older calc-alkaline silicic bodies 
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and younger cross-cutting tholeiitic mafic units also support this interpretation (Figures 
3.10D, 3.11A, and 11C). Furthermore, the Middle Permian age (ca. 268.57 ± 0.07 Ma) 
for a metamorphosed tonalite pluton (SAL09-01) agrees with existing U-Pb ages for 
tonalitic rocks from the Wallowa arc (Walker, 1986; Kurz et al., 2010a In Review). 
 
Magmatism in the Oxbow Complex 
The Oxbow Complex is lithologically and structurally similar to the Cougar 
Creek Complex, containing numerous, variably deformed silicic dikes and small plutons 
that are often cross-cut by later mafic intrusive units (Schmidt, 1980; Avé Lallemant, 
1995; Vallier, 1995). New U-Pb zircon ages and trace element data characterize Late 
Permian silicic calc-alkaline magmatism in the Oxbow, and are similar to recent data for 
tonalitic rocks from the Cougar Creek Complex (Figures 3.8, 3.9C, 3.11A, and 3.11C; 
Kurz et al., 2010a In Review). Trace element data for younger cross-cutting tholeiitic 
mafic units from the Oxbow Complex also agree with data from Late Triassic rocks from 
the Cougar Creek Complex (Kurz et al., 2010a In Review). Initial Sr and εNdInitial data 
for intrusive rocks from the Oxbow Complex overlap with isotopic data from the 
Wallowa and Olds Ferry arcs (Figure 3.12A). Common Pb isotopic data coincide 
primarily with values from the Wallowa arc (Figrues 3.12D through 3.12F).  
The Oxbow Complex is also located ~7 km from inferred tectonic boundaries, 
located in the Wildhorse River canyon, that separate the Wallowa, Baker, and Olds Ferry 
terranes (Mann, 1988; Mann and Vallier, 2007). These terrane boundaries are parallel to 
the dominant orientation of mylonitic shear zones in the Oxbow Complex, and have not 
been described kinematically. Based on lithologic and structural similarities, consistent 
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field relationships, U-Pb ages, and trace element data, intrusive rocks from the Oxbow 
complex are correlative to basement components of the Wallowa arc terrane. However, 
new isotopic data suggest some Olds Ferry affinities. Tentatively, given the preceeding 
observations and the close proximity of the Oxbow Complex to inferred terrane 
boundaries, these basement rocks may represent a terrane boundary and perhaps the 
oldest components of the Olds Ferry arc, or the tectonic interleaving of Wallowa and 
Olds Ferry components. 
 
Isotopic Assessment of Potential Magma Sources 
In this section, we discuss possible source reservoirs for magmatic rocks of the 
Wallowa and Olds Ferry arc terranes and how this assessment may contribute to 
paleogeographic interpretations. Decades of research on ocean island basalts have 
delineated geochemical and isotopic characteristics of end member mantle sources (Hart, 
1984; White, 1985; Zindler and Hart, 1986; Hart, 1988; Weaver, 1991; Hart et al., 1992; 
Eisele et al., 2002; Stracke et al., 2003; Salters and Stracke, 2004; Workman et al., 2004; 
Stracke et al., 2005; Workman and Hart, 2005). A number of mantle reservoir end 
members and/or intermediate sources have been defined, including, but not limited to, 
“depleted MORB mantle,” “enriched mantle I,” “enriched mantle II,” “high µ mantle,” 
“prevalent mantle,” “primitive mantle,” and the “focus zone” mantle source (see 
references listed above). These same isotopic “reservoirs” have been identified in arc 
environments (Hart, 1988; Stern et al., 1990; Gribble et al., 1996), attesting to the 
presence of time-integrated variably depleted and enriched domains in the upper mantle. 
The isotopic signatures of arc magmas are additionally complicated by the influence of 
 125 
continentally-derived, generally trace element and isotopically enriched material, either 
in the form of subducted terriginous sediment in the source, or as continental mantle and 
crust encountered as the magmas transit the lithosphere. In this discussion, we use the 
depleted MORB mantle, enriched mantle I, enriched mantle II, and high µ mantle 
components to examine potential reservoirs for magmatic rocks of the Wallowa and Olds 
Ferry arcs. In effect, we use these oceanic mantle end members as convenient reference 
compositions for the influence of isotopically enriched mantle and/or crust. Such a 
comparison is perhaps not genetically accurate, but we believe it is a useful working 
methodology, particularly given extant mechanistic models for the derivation of certain 
enriched mantle end members via the recycling of sediment and oceanic lithosphere to 
the mantle through subduction. 
Below, we provide a brief description of the source reservoirs used in our 
analysis, and their present day isotopic characteristics, which are based on compiled end 
member ocean island basalt isotopic data. Depleted MORB mantle is the source for mid-
ocean ridge basalts (MORB), which exhibits average Sr, Nd, and Pb isotopic ratios of 
87Sr/86Sr = 0.7026, 143Nd/144Nd = 0.51311, 206Pb/204Pb = 18.00, and 208Pb/204Pb = 37.7 
(Salters and Stracke, 2004). The enriched mantle I source is characterized by low 
87Sr/86Sr = 0.7053, low 143Nd/144Nd = 0.51236, low 206Pb/204Pb = 17.65, and higher 
208Pb/204Pb = 38.14 (Eisele et al., 2002; Stracke et al., 2003). Geochemical modeling 
suggests that the enriched mantle I component incorporates a mixture of subducted 
pelagic sediments and other components, such as recycled MORB and gabbro, depleted 
MORB mantle, and primative mantle (Zindler and Hart, 1986; Eisele et al., 2002; Stracke 
et al., 2003).  
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The enriched mantle II source exhibits high 87Sr/86Sr = 0.7090, low 143Nd/144Nd = 
0.5125, higher 206Pb/204Pb = 19.00, and high 208Pb/204Pb = 38.86 (Zindler and Hart, 1986; 
Workman et al., 2004). Geochemical modeling infers that this enriched mantle end 
member is generated from the mixture of ancient recycled oceanic crust and continentally 
derived terrigenous sediments (Zindler and Hart, 1986; Workman et al., 2004). 
The high µ source is named for ocean island basalts that exhibit the highest Pb 
isotopic characteristics requiring high 238U/204Pb ratios or “µ” values. This mantle 
component shows low 87Sr/86Sr = 0.703, high 143Nd/144Nd = 0.5129, high 206Pb/204Pb = 
21, and high 208Pb/204Pb = 39.75 (Zindler and Hart, 1986; Stracke et al., 2005), and has 
been interpreted as attributable to ancient subducted oceanic lithosphere. 
When using oceanic island basalt-derived end member mantle components in the 
context of studying oceanic island basalts, they may be plotted using their present day 
compositions because little time has passed to modify their composition by continued 
production of respective daughter nuclides. However, when comparing older (i.e., 
Paleozoic or Mesozoic) magmatic rocks, time integrated isotopic evolution must be 
accounted for to make accurate comparisons. Thus, in this study, we compiled modeled 
parent/daughter ratios for the depleted MORB mantle, enriched mantle I, enriched mantle 
II, and high µ reservoirs from the literature and used them to evolve the isotopic 
compositions of the respective reservoirs back to the Middle Triassic (i.e., 235 Ma) so 
that a valid comparison with intrusive rocks of the Wallowa and Olds Ferry arc terranes 
could be made. Present-day Sr, Nd, and Pb isotopic ratios, parent/daughter ratios, and the 
back-evolved Middle Triassic isotopic compositions for each component are provided in 
Appendix C (Table C.6). 
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Intrusive rocks of the Wallowa arc terrane exhibit unradiogenic Sr and Pb isotopic 
compositions and radiogenic εNd values (Figures 3.12A through 3.12F). Samples from 
the Wallowa arc plot near the depleted MORB mantle end member for oceanic island 
basalts, indicative of a depleted intra-oceanic arc environment. However, isotopic 
compositions for igneous rocks from the Wallowa arc are slightly enriched, and could 
potentially be explained by the possible involvement with either the enriched mantle II 
end member or other moderately enriched mantle reservoirs, such as the “focus zone” 
(FOZO) or “prevalent mantle” components. Intrusive rocks from the Olds Ferry arc 
terrane consistently exhibit more radiogenic Sr and common Pb isotopic compositions 
and unradiogenic εNd values compared to samples from the Wallowa arc. Isotopic data 
for the Olds Ferry arc support the interpretation of a continental fringing arc environment. 
Sr, Nd, and Pb isotopic data for magmatic rocks from the Olds Ferry arc terrane 
are dispersed along trajectories that suggest a possible mixing relationship between the 
depleted MORB mantle and enriched mantle II components (Figures 3.12A through 
3.12F). To explore this observation, binary mixing models between the depleted MORB 
mantle and enriched mantle II reservoirs were constructed using calculated Sr, Nd, and 
Pb concentrations and isotopic ratios for each end member (Table C.6). Parameters for 
the depleted MORB mantle reservoir were derived from geochemical modeling by 
Salters and Stracke (2004; e.g., Sr = 9.8 ppm; 87Sr/86Sr(235 Ma) = 0.7025; Nd = 0.713 ppm; 
143Nd/144Nd(235 Ma) = 0.5127; εNd = +7.95; Pb = 0.0232 ppm; 206Pb/204Pb(235 Ma) = 
17.8493; 207Pb/204Pb(235 Ma) = 15.4226 and 208Pb/204Pb(235 Ma) = 37.4237). Parameters for 
the enriched mantle II reservoir were derived from geochemical modeling by Workman 
et al. (2004; e.g., Sr = 20.044 ppm; 87Sr/86Sr(235 Ma) = 0.7083; Nd = 0.6 ppm; 
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143Nd/144Nd(235 Ma) = 0.5122; εNd = -2.55; Pb = 1 ppm; 206Pb/204Pb(235 Ma) = 18.7830; 
207Pb/204Pb(235 Ma) = 15.6640 and 208Pb/204Pb(235 Ma) = 38.2680). Nd and Pb concentrations 
for the enriched mantle II component were varied slightly (well within their respective 
uncertainties) when generating the binary mixing models. A second binary mixing model 
using parameters for depleted MORB mantle and average North American miogeocline 
(Table C.6; Ghosh and Lambert, 1989; Schwartz et al., 2010) was constructed to assess 
the possibility of interactions between magmatic rocks of the Olds Ferry arc terrane and 
bulk continental crust rather than the enriched mantle II component. In addition to 
considering average North American sedimentary material as a binary end member 
(Ghosh and Lambert, 1989), we also calculated an average composition for Proterozoic 
crust that underlies much of southwestern Montana and central Idaho (i.e., the Selway 
terrane; Mueller et al., 1995; Foster et al., 2006). The average Sr and Nd trace element 
concentrations and isotopic compositions for Proterozoic crust of the Selway terrane are 
identical to those determined for average miogeocline. Thus, the resulting binary model 
would be identical to that constructed with average miogeocline parameters.  
A three-stage evolution model was used to explore Pb isotopic characteristics of 
magmatic rocks from the Wallowa and Olds Ferry arcs (Figures 3.9D through 3.9F). 
Terrestrial Pb isotope evolution was calculated to 1.8 Ga using the two-stage model of 
Stacey and Kramers (1975). For the third stage (1.8 Ga to the present) µ and κ (i.e., 
238U/204Pb and 232Th/204Pb, respectively) were varied to model the Pb isotopic 
composition of possible crustal reservoirs that may have served as sources for magmatic 
rocks of the Wallowa and Olds Ferry arcs. A third stage, beginning at 1.8 Ga, was used in 
this study to simulate possible crustal reservoirs isolated during Proterozoic time, the 
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Selway terrane of southwestern Montana and central Idaho (Foster et al., 2006, and 
references therein). 
In εNd-87Sr/86Sr space (Figure 3.12A), isotopic compositions of magmatic rocks 
from the Wallowa are described by a ~2% to ~6% contribution of the enriched mantle II 
component. However, as mentioned earlier, this does preclude limited involvement of 
other slightly enriched mantle reservoirs, such as the focus zone and/or prevalent mantle 
end members. Isotopic compositions for intrusive rocks from the Olds Ferry arc are 
modeled by ~8% to ~25% of the enriched mantle II end member. Binary modeling in 
εNd-206Pb/204Pb isotopic space (Figure 3.12B) illustrates similar mixing relationships for 
Wallowa samples, but call for higher proportions of the enriched mantle II component in 
Olds Ferry rocks (e.g., ~6% to ~60%). However, 87Sr/86Sr and 206Pb/204Pb mixing 
relationships are consistent with those modeled in εNd-87Sr/86Sr space (Figure 3.12C). 
We varied Nd and Pb concentration parameters in our mixing model to assess what 
values would be required to obtain similar enriched mantle II proportions, but found that 
this would necessitate variation beyond the given uncertainties for the modeled enriched 
mantle II source from Workman et al. (2004). In 207Pb/204Pb-206Pb/204Pb space, data from 
the Wallowa arc show that less than ~6% of the enriched mante II component is required 
to describe these samples, while Olds Ferry rocks need a contribution of approximately 
6% to 10% (Figure 3.12D). Our three-stage lead evolution model demostrates that 
common Pb isotopic compositions of magmatic rocks from the Olds Ferry arc can only 
be explained by a fertile Proterozoic source with µ values ranging from 7.25 to 9.74, and 
κ values that range between 24 and 36.84 (Figures 3.12D through 3.12F). Common Pb 
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isotopic compositions for basement rocks from the Wallowa arc cannot be explained by 
interaction/sourcing from variable low-µ reservoirs, but rather by mixing between 
depleted MORB mantle and the enriched mantle II component. 
In conclusion, Sr, Nd, and Pb isotopic data for magmatic rocks of the Olds Ferry 
arc terrane consistently display more enriched compositions compared to intrusive units 
of the Wallowa arc. Binary mixtures between depleted MORB mantle and the enriched 
mantle II end member provide a dependable explanation for the more isotopically 
enriched nature of Olds Ferry magmatism. Recall that the enriched mantle II reservoir is 
inferred to be a mixture of an enriched mantle source and subducted continentally 
derived, terrigenous sediment (Zindler and Hart, 1986; Workman et al., 2004). Thus, we 
interpret the genesis of magmatic rocks of the Olds Ferry arc to have involved some 
degree of interaction with enriched continental material. This interaction may have 
occurred as either contribution of enriched subducted sediments and subsequent 
modification of the mantle wedge, and/or through physical intermingling and assimilation 
of continental crust during magma emplacement. Contrary to our findings for the Olds 
Ferry arc intrusive units, magmatic rocks of the Wallowa arc are consistently depleted, 
indicating derivation from a depleted MORB mantle source within an intra-oceanic 
setting. 
 
Arc-Arc Collisional Model for the Blue Mountains Province 
The tectonic evolution of the Blue Mountains Province has been described within 
the framework of two differing tectonic models. The first model views the Wallowa and 
the Olds Ferry arcs as two temporally distinct phases of volcanic activity within a single 
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composite intra-oceanic arc system (Vallier, 1977; Brooks and Vallier, 1978; White et al., 
1992; Vallier, 1995). However, overlapping Late Triassic magmatism and distinct 
isotopic characteristics do not support this model. The second tectonic model interprets 
the contemporaneous development of two distinct magmatic arcs, a continental-fringing 
Olds Ferry arc and an intra-oceanic Wallowa arc, within a doubly-convergent Molucca 
Sea-type arc-arc collision (Dickinson and Thayer, 1978; Dickinson, 1979; Avé Lallemant 
et al., 1980, 1985; Mortimer, 1986; Follo, 1992; Avé Lallemant, 1995; Dorsey and 
LaMaskin, 2007; Schwartz et al., 2010). In this section, we integrate the geochemical, 
isotopic, and geochronologic framework of the Olds Ferry and Wallowa arcs into a 
tectonic model that expands upon the two-arc model described above. 
 
Stage One 
Stage one encompasses the time interval from the Middle Permian (268.35 ± 0.18 
Ma) to the Middle Triassic (237.60 ± 0.05 Ma). From the Middle Permian to the Early 
Triassic (268.35 ± 0.18 Ma to 248.75 ± 0.08 Ma), the Wallowa arc existed as a distinct 
intra-oceanic arc that was dominated by extensive silicic calc-alkaline volcanism 
manifested by the Windy Ridge and Hunsaker Creek Formations of the Seven Devils 
Group and their intrusive equivalents exposed within the Cougar Creek Complex, the 
Salmon River canyon, and the Oxbow Complex (Figure 3.13A; Vallier, 1967, 1977, 
1995; Kurz et al., 2010a In Review). Sections of the Clover Creek Greenstone of Gilluly 
(1937) correlate with the Hunsaker Creek Formation (Vallier, 1977). During this time, 
magmatism in the Wallowa arc is interpreted to have been produced through northwest-
directed subduction beneath a southeast-facing arc located in the northern hemisphere at 
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paleolatitudes ranging from 26° ± 9° N. to 24° ± 12° (Harbert et al., 1995; Vallier, 1995). 
Harbert et al. (1995) also demonstrated that during the Middle Permian, the Wallowa arc 
may have been located at or very near to the latitude of its final North American accretion 
site. 
The Middle Triassic (ca. 237.60 ± 0.05 Ma) age for the Brownlee trondjhemite 
provides the only record of active magmatism in the Olds Ferry arc that falls within this 
interval of time. However, the maximum age for this earliest cycle of magmatism is not 
constrained. One could speculate that this older component of the Olds Ferry represents 
the only remnant of a fairly extensive arc that has been buried by a younger phase of arc 
construction, and/or the extensive Cenozoic cover of eastern Oregon and western Idaho. 
Thus far, the maximum age of the Olds Ferry arc remains an open question and requires 
further investigation. 
 
Stage Two 
Stage two includes the time interval between the post-Early Triassic (248.75 ± 
0.08 Ma) and prior to the early-Late Triassic (228.61 ± 0.08 Ma; Figure 3.13B). Between 
the Early Triassic (248.75 ± 0.08 Ma) and Late Triassic (229.43 ± 0.08 Ma), the Wallowa 
arc was magmatically inactive. Penetrative deformation recorded in the Permian 
Hunsaker Creek Formation is also broadly constrained within this period of time (Kurz et 
al., 2010a In Review). Regional uplift and erosion associated with volcanic inactivity and 
deformation is manifested by a well-developed regional unconformity that truncates the 
Permian Hunsaker Creek Formation of the Seven Devils Group (Vallier, 1967, 1977; 
Kurz et al., 2010a In Review). The concurrent hiatus in magmatism, deformation of 
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Permian supracrustal rocks, and regional uplift and exhumation of the Wallowa arc was 
interpreted by Kurz et al. (2010 In Review) to have resulted from the initial stages of 
spreading ridge subduction. 
During this interval of time, the Olds Ferry arc also underwent a period of 
volcanic inactivity, as well as extensive regional uplift and erosion resulting in the 
development of the unconformity that bevels the Brownlee trondjhemite prior to the 
deposition of the lower Huntington Formation (Tumpane, 2010). The erosion of uplifted 
crystalline basement during this interval is also reflected by abundant plutonic clasts in 
conglomerate units of the lower Huntington Formation. The relatively synchronous 
exhumation of the Wallowa and Olds Ferry arcs during this interval of time perhaps 
indicates that these two arcs were responding to the same tectonic reorganization. 
 
Stage Three 
Stage three involves the time period from the Late Triassic (229.43 ± 0.08 Ma) to 
the late-Early Jurassic (187.10 ± 0.05 Ma; Figure 3.13C). In the Late Triassic (229.43 ± 
0.08 Ma to 229.13 ± 0.45 Ma), and possibly as early as the Middle Triassic (Ladinian), 
magmatism was renewed within the Wallowa arc, producing voluminous mafic to 
intermediate magmas manifested by the Wild Sheep Creek and Doyle Creek Formations 
of the Seven Devils Group (Vallier, 1977, 1995), and their intrusive equivalents exposed 
in the Cougar Creek Complex (Kurz et al., 2010a In Review). Portions of the Clover 
Creek Greenstone of Gilluly (1937) are also Triassic in age and are perhaps correlative 
with Middle to Late Triassic supracrustal rocks of the Seven Devils Group (Vallier, 1977, 
1995). Major and trace element data for this younger cycle of magmatism are tholeiitic 
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and contrast with the calc-alkaline Middle Permian to Early Triassic cycle of volcanic 
activity (Kurz et al., 2010a In Review). This distinct change from silicic calc-alkaline 
magmatism to voluminous mafic and intermediate tholeiitic volcanism occurred after 
significant deformation (i.e., D1 event from Kurz et al., 2010a In Review), uplift, and 
erosion of the Wallowa arc. The combination of contractional deformation, a distinct 
period of volcanic inactivity, and a switch from calc-alkaline to tholeiitic and/or alkalic 
magmatism has been interpreted by Kurz et al. (2010a In Review) to record the 
subduction of a spreading ridge beneath the Wallowa arc (see also Cole and Stewart, 
2009, and references therein). 
Late Triassic magmatism in the Cougar Creek Complex was synchronous with the 
development of left-lateral mid-crustal intra-arc mylonitic shear zones produced during 
sinistral-oblique convergence, and are constrained by U-Pb crystallization ages for cross-
cutting Late Triassic intrusive bodies (Kurz et al., 2010; Figure 3.13C). Left-lateral 
motion related to left-lateral oblique subduction supports the southward transport of the 
Wallowa arc relative to Olds Ferry arc and North America at this time (Beck, 1983; Avé 
Lallemant and Oldow, 1988). Late Triassic 40Ar/39Ar hornblende cooling ages from the 
Cougar Creek Complex coincide with magmatism and deformation, and suggests fairly 
rapid exhumation of the Wallowa arc (Balcer, 1980; Snee et al., 1995). Plutonic clasts 
within conglomerate units of the Wild Sheep Creek and Dolye Creek Formations also 
indicate uplift and erosion of the Wallowa arc (Vallier, 1977; Follo, 1992). 
Late Triassic (Carnian) volcanogenic rocks of the Wild Sheep Creek and Doyle 
Creek Formations are immediately overlain by the Late Triassic Martin Bridge 
Limestone (late Carnian to early Norian; Nolf, 1966; Vallier, 1977; Stanley et al., 2009; 
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Riguad et al., 2010). The Martin Bridge Limestone is overlain by siliciclastic marine 
turbidites, shale, locally abundant carbonate- and chert-clast conglomerate, and 
sedimentary breccia of the Late Triassic to Early Jurassic Hurwal Formation (Nolf, 1966; 
Follo, 1992), indicating complete cessation of arc magmatism in the Wallowa arc by ca. 
228 Ma. 
In the Olds Ferry arc, this interval of time corresponds to the second cycle of 
magmatism (228.61 ± 0.08 Ma to 210.04 ± 0.12 Ma) defined by the deposition of the 
lower Huntington Formation over the erosional Brownlee trondjhemite, and the intrusive 
bodies characterized in this study (Figure 3.13C; Tumpane, 2010). Trace element data for 
this cycle indicates predominant calc-alkaline characteristics, and contrasts with 
geochemical data from the first cycle (Figures 3.10 and 3.11). Active magmatism during 
this interval of time constrasts with the cessation of volcanism in the Wallowa arc, and 
implies continued subduction beneath the Olds Ferry arc while active subduction beneath 
the Wallowa had apparently ended. 
 
Terrane Correlations 
Links between constituent terranes of the Blue Mountains Province and Paleozoic 
to Mesozoic lithotectonic elements along the western North American Cordillera have 
been difficult due to a lack of geochronologic, geochemical, and isotopic constraints. In 
the past, the Wallowa, Baker, and Olds Ferry terranes have been correlated with accreted 
terranes to the north as a collective tectonostratigraphic assemblage. For example, the 
Wallowa, Baker, and Olds Ferry terranes comprise a west to east triad consisting of 
magmatic arc - argillite-matrix mélange - magmatic arc, respectively, similar to those 
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documented in the Intermontane superterrane of the Canadian Cordillera (e.g., from west 
to east: the Stikinia arc terrane - Cache Creek argillite-matrix mélange terrane - 
Quesnellia arc terrane). Lithologic, faunal, structural, and temporal similarities between 
these northern arc-related terranes and those in the Blue Mountains Province allow a 
compelling north to south continuation of the group (Mortimer, 1986; Stanley and 
Senowbari-Daryan, 1986).  
The Stikinia and Quesnellia arc terranes have been variably interpreted as a single 
magmatic belt (Church, 1975; Monger, 1977; Monger and Church, 1977; Dostal et al., 
1999; Dostal et al., 2009), or as separate volcanic arcs (Mortimer, 1986). These 
interpretations have led to a range of tectonic models that attempt to explain their present 
day positions in relation to one another and relative to the intervening Cache Creek 
mélange. Among these are 1) the right-lateral offset of a single arc (Wernicke and 
Klepacki, 1988; Beck, 1991, 1992; Irving et al., 1996), 2) the oroclinal closure of a single 
arc and consumption of the intervening ocean basin (Nelson and Mihalynuk, 1993; 
Mihalynuk et al., 1994), 3) Middle Jurassic thrusting of the Cache Creek terrane over the 
arc and subsequent synclinal folding (Samson et al., 1991; Gehrels et al., 1991), 4) the 
extrusion of high-pressure rocks of the Cache Creek terrane into the central portion of the 
arc (Dostal et al., 2009), and 5) the collision of two distinct arcs, an outboard Stikinia arc 
and an inboard Quesnellia arc (Mortimer, 1986). 
Sr, Nd, and Pb isotopic data presented in this study support a peri-cratonic arc 
setting for the Olds Ferry arc (Figures 3.12A through 3.12F; Dickinson, 1979; Miller, 
1987; Dorsey and LaMaskin, 2007; Schwartz et al., 2010), similar to interpretations for 
the Stikinia and Quesnellia arcs (Dostal et al., 2009, and references therein). In addition, 
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magmatic rocks from the Olds Ferry are isotopically similar to Late Triassic extrusive 
and intrusive rocks from both Stikinia and Quesnellia (Figure 3.12A; Ghosh, 1995; Smith 
et al., 1995; Dostal et al., 1999; Dostal et al., 2009). The lower Huntington Formation is 
lithologically and temporally similar to the Middle to Upper Triassic stratigraphy of 
Stikinia and Quesnellia arcs, which includes arc-related, mafic to intermediate 
volcaniclastic units, massive flows, and epiclastic rocks deposited in subaerial and 
submarine environments (i.e., the Takla, Stuhini, and Nicola Groups; Mortimer, 1987; 
Monger et al., 1991; Ferri and Melville, 1994; Pantaleyev et al., 1996; Dostal et al., 1999; 
MacIntyre et al., 2001; Beatty et al., 2006; MacIntyre, 2006; Breitsprecher et al., 2007; 
Dostal et al., 2009). Middle to Late Triassic volcanogenic assemblages from Stikinia, 
Quesnellia, and the Olds Ferry (i.e., the lower Huntington Formation) are also bounded 
by similar aged unconformities (Dostal et al., 2009). Stratigraphic, lithologic, and 
temporal similarities between Late Triassic assemblages from these different arc terranes 
provide reasonable evidence for their association, and representation of a single 
continuous fringing arc system in the Late Triassic and possibly into the Early Jurassic. 
Provided the interpretation that Stikinia and Quesnellia represent portions of the 
same arc, and following a north to south correlation between the Wallowa-Baker-Olds 
Ferry and Stikinia-Cache Creek-Quesnellia groups, requires that the Wallowa and the 
Olds Ferry terranes are also portions of a single arc. However, U-Pb ages, geochemical, 
and isotopic data from the Wallowa and Olds Ferry arcs show that temporally 
overlapping Late Triassic magmatism from these arcs are fundamentally different (Kurz 
et al., 2010a In Review). During this time, trace element data illustrates a brief but 
voluminous episode of dominantly thoeiitic magmatism in the Wallowa arc 
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contemporaneous with predominantly calc-alkaline magmatism in the Olds Ferry arc 
(Figures 3.10A, 3.10B, and 3.11C; Kurz et al., 2010a In Review). Furthermore, Sr, Nd, 
and Pb isotopic data clearly distinguishes the Middle Permian to Late Triassic intra-
oceanic Wallowa arc from an isotopically enriched fringing Olds Ferry arc (Figures 
3.12A through 3.12F). This geochemical and isotopic distinction precludes any model 
that employs a single, contemporaneous Wallowa-Olds Ferry arc system. 
Exploring possible scenarios of separate Wallowa and Olds Ferry arcs leads to 
previous interpretations of the Wallowa arc representing a fragment Wrangellia, which is 
exposed in the Vancouver Islands of British Columbia and in the Wrangell and St. Elias 
Mountains of southeastern Alaska (Jones et al., 1977; Hillhouse et al., 1982; Wernicke 
and Klepacki, 1988; Dickinson, 2004). This comparison has been questioned based on 
differing lithologic and stratigraphic characteristics, and the historic lack of geochemical 
data (Mullen and Sarewitz, 1983; Sarewitz, 1983; Scheffler, 1983; Mortimer, 1986). 
However, early and more recent work on the geochemistry, geochronology, and 
paleontology of Middle to Late Triassic rocks of Wrangellia reveal important and useful 
data that clarify its potential relationship to other accreted terranes (Smith and 
MacKevett, 1970; Read and Monger, 1976; MacKevett, 1978; Mortensen and Hulbert, 
1991; Lassiter, 1995; Muttoni et al., 2004; Israel et al., 2006; Bittenbender et al., 2007; 
Schmidt and Rogers, 2007; Brack et al., 2008; Greene et al., 2008, 2009, 2009 In Press). 
Kurz et al. (2010a In Review) described similar lithostratigraphic characteristics between 
Wrangellia and the Wallowa, such as Late Paleozoic arc and marine sequences that are 
subsequently overlain by voluminous, predominantly mafic volcanic sequences above a 
regional unconformity. Middle to Late Triassic basalt sequences from both the Wallowa 
 139 
arc terrane (e.g., Wild Sheep Creek Formation) and Wrangellia (e.g., Nikolai and 
Karmutsen Formations) are also nearly synchronous, and were erupted over a relatively 
short interval of time (Kurz et al., 2010a In Review). Normal MORB and chondrite-
normalized trace element patterns extrusive rocks of the Wallowa and Wrangellia are 
similar, and may be linked through the common mechanism of spreading ridge 
subduction (Kurz et al., 2010a In Review). Following this interpretation, the Wallowa 
represents an outboard intra-oceanic arc distinct from the Olds Ferry that began initial 
interactions possibly as early as the Late Triassic, prior to amalgamation with the Olds 
Ferry and eventual accretion to the North American craton by the late-Early Cretaceous 
(Walker, 1986; Vallier, 1995). 
 
Conclusions 
New Sr, Nd, and Pb isotopic data for intrusive rocks from the Cougar Creek 
Complex and vicinity help to clarify paleogeographic interpretations for the Wallowa arc, 
and offer a basis for comparison to rocks from the Olds Ferry arc terrane. Isotopic data 
from both cycles of magmatism recorded in the Cougar Creek Complex, show that these 
intrusive rocks formed in an intra-oceanic island arc setting and were dominantly derived 
from a depleted mantle source (e.g., DMM). Lithostratigraphic, geochronologic, and 
geochemical data provide a compelling correlation between the Wrangellia terrane of the 
northern Cordillera. 
New and recent high-precision U-Pb ages for intrusive and extrusive rocks from 
the Olds Ferry arc, combined with new trace element and isotopic data, provide a better 
understanding of the magmatic and overall tectonic framework of the arc. U-Pb ages and 
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recently documented field relationships distinguish three unconformity-bounded pulses of 
igneous activitiy in the Olds Ferry from the Middle Triassic to the Early Jurassic. 
Separate volcano-plutonic sequences include Middle Triassic (> 237 Ma) mafic to silicic 
tholeiitic activity, Late Triassic (229 Ma to 210 Ma) mafic to silicic calc-alkaline 
magmatism, and latest Triassic to the Early Jurassic (< 210 Ma to 174 Ma) explosive 
calc-alkaline silicic volcanism. Arc magmatism in the Wallowa arc temporally overlaps 
with the Late Triassic activity in the Olds Ferry; however, trace element data highlight 
fundamental geochemical differences between these intrusive rocks. New Sr, Nd, and Pb 
isotopic data for intrusive rocks of the Olds Ferry arc show that they were generated from 
a more isotopically enriched source compared to those from the Wallowa arc, and 
establish a clear distinction between the two arcs. This distinction strengthens current 
paleogeographic interpretations of the Olds Ferry arc representing a fringing continental 
arc, and links it with the Stikinia-Quesnellia terranes of the Canadian Cordillera as a 
single continuous fringing arc system along the margin of western North America during 
the Late Triassic and Early Jurassic. 
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Table 3.1. Summary of Samples and Corresponding 206Pb/238U Ages
Sample 
Identification Geologic Map Unit 206Pb/238U Ages MSWD
Probab. of 
Fit n
Olds Ferry arc terrane
HT04-04 Brownlee trondjhemite 11 U, 481388, 4916429 237.68 ± 0.07 Ma 1.8 0.09 7 of 7
HT07-02 Brownlee trondjhemite 11 U, 481383, 4914163 237.60 ± 0.05 Ma 1.9 0.08 7 of 9
DC08-07 Iron Mnt. biotite granodiorite 11 U, 498298, 4931232 224.24 ± 0.13 Ma --- --- 1 of 8
RC07-06 Rush Creek gabbro 11 U, 524089, 4948626 220.88 ± 0.05 Ma 1.17 0.32 6 of 8
RC07-03 Rush Creek quartz diorite 11 U, 524344, 4949793 220.29 ± 0.06 Ma 1.3 0.26 4 of 9
RC07-04 Rush Creek porphyritic granodiorite 11 U, 524489, 4949590 219.10 ± 0.10 Ma 2.9 0.09 2 of 5
RC07-05 Rush Creek biotite granite 11 U, 524044, 4948775 216.50 ± 0.12 Ma --- --- 1 of 9
CUD09-01 Quartz diorite boulder 11 U, 510294, 4954192 216.48 ± 0.06 Ma 0.81 0.54 6 of 7
DC07-06 Iron Mint. hornblende granodiorite 11 U, 496274, 4933762 210.04 ± 0.12 Ma 2.8 <0.05 5 of 5
DC08-01 Hypabyssal andesite† 11 U, 493444, 4933920 47.78 ± 0.47 Ma 1.8 --- 5 of 5
DC08-14 Hypabyssal andesite† 11 U, 493493, 4934591 46.50 ± 2.6 Ma 39 --- 5 of 5
Oxbow Complex
OX08-02 Oxbow quartz diorite 11 U, 513542, 4981335 259.14 ± 0.18 Ma 2.8 <0.05 6 of 9
OX08-08 Wildhorse quartz diorite 11 U, 510899, 4969339 258.74 ± 0.06 Ma 0.29 0.96 8 of 9
Salmon River canyon
SAL09-01 Tonalite 11 U, 556291, 5051106 268.57 ± 0.07 Ma 1.5 0.16 7 of 8
* Universal Transverse Mercator (UTM) coordinates listed in the order of Zone, Easting, Northing.
† 238U-206Pb Isochron Age
UTM Coordinates*
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Figure 3.1. Regional geologic map of the Blue Mountains Province BMP, modified 
after Dorsey and LaMaskin (2007), Dickinson (1979), Mann (1988), Follo (1992), 
Vallier (1995), and Gray and Oldow (2005).  BC, Baker City; BMB, Bald Mountain 
Batholith; CMC, Canyon Mountain Complex; CM, Cuddy Mountains; IMC, 
Imnaha Complex; IM, Ironside Mountain; IB, Idaho Batholith; IZ, Izee; JM, 
Juniper Mountain; H, Huntington; O, Oxbow; OC, Oxbow Complex; WM, 
Wallowa Mountains; DC, Dennett Creek; RC, Rush Creek; SC, Sparta Complex; 
SRC, Salmon River canyon; WISZ, Western Idaho shear zone; SDM, Seven Devils 
Mountains; CCC, Cougar Creek Complex. 
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Figure 3.2. A) Geologic map of the Oxbow Complex, near Oxbow, Idaho. B) Oxbow-
related late Paleozoic to Mesozoic rocks exposed in the southwestern corner of the 
Oxbow 7.5-minute quadrangle. Mapped geology after Vallier (2010, In Progress). 
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Figure 3.3. Geologic map of the Huntington area, near Huntington, Oregon. 
Mapped geology modified after Tumpane (2010), Brooks (1979), and Juras (1973). 
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Figure 3.4. Geologic map of the Dennett Creek area, near Mineral, Idaho. Mapped 
geology modified from Payne and Northrup (2003). 
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Figure 3.5. Geologic map of the Rush Creek Canyon area. Mapped geology after 
Smith and Wood (2001) and references therein. 
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Figure 3.6. U-Pb concordia diagrams of magmatic zircon for samples from the Olds 
Ferry arc terrane. Dated samples were collected from three primary field areas: 1) 
near Huntington, Oregon, 2) the Mineral-Iron Mountain district near Mineral, 
Idaho, and 3) in Rush Creek Canyon northwest of Cabridge, Idaho. Zircon analyses 
included in the calculation of the weighted mean 206Pb/238U crystallization age are 
represented by solid bold outlines. Zircon analyses that are interpreted as antecryst 
grains (Miller et al., 2007) are depicted by dashed outlines. Grayed zircon analyses 
were not used in any age calculation. The gray band surrounding concordia 
illustrates the effects of uncertainty related to decay-constants on the position of 
concordia. Ranked age charts located to the right of each concordia diagram show 
the distribution of 206Pb/238U ages. Bar heights depict their associated 2σ  
uncertainties. The gray band set behind each group represents the weighted mean of 
those analyses where the height illustrates the related uncertainty. Line-type 
designations on bar charts mimic those described for the concordia diagrams. 
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Figure 3.6. Continued. 
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Figure 3.6. Continued. 
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Figure 3.7. U-Pb 206Pb/204Pb - 238U/204Pb isochron diagrams of single-grain magmatic 
titanite from hypabyssal intrusives from the Mineral-Iron Mountain district near 
Mineral, Idaho, Olds Ferry arc terrane. Titanite analyses are represented by solid 
bold outlines and labeled with their fraction ID (Table C.1). Titanite analyses are 
corrected for initial common Pb using the Pb compositions of coexisting feldspar. 
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Figure 3.8. U-Pb concordia diagrams of magmatic zircon for samples from the 
Oxbow Complex near Oxbow, Oregon. Refer to Figure 3.6 for an explanation of 
symbolization. 
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Figure 3.9. U-Pb concordia diagrams of magmatic zircon for samples from the 
Salmon River Canyon near Lucile, Idaho. Refer to Figure 3.6 for an explanation of 
symbolization. 
 155 
 
Figure 3.10. Spider and REE diagrams for Middle and Late Triassic intrusive rocks 
of the Olds Ferry arc (panels A and B), the Oxbow Complex (panel C), and the 
Salmon River canyon (panel D). The light gray semi-transparent field (panels C and 
D) represents normalized trace element concentrations for Middle Permian to Early 
Triassic silicic intrusive rocks from the Cougar Creek Complex (Kurz et al., 2010a 
In Review). The dark gray field (all panels) represents normalized trace element 
concentrations for Late Triassic intrusive rocks of the Cougar Creek Complex 
(Kurz et al., 2010a In Review). Average depleted MORB from Salters and Stracke 
(2004) is shown as a bolded black trace and is labeled. Normal MORB and 
chondrite-normalizing values are from Sun and McDonough (1989). 
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Figure 3.11. Trace element variation diagrams for samples from the Olds Ferry arc 
terrane, the Oxbow Complex, and the Salmon River canyon.  Symbolization same as 
Figure 3.10. A) Chondrite-normalized La/Sm vs La/Yb ratios, which illustrate 
varying REE patterns for arc basement rocks. B) Ta vs Yb discriminant diagram 
for syn-collisional granites (syn-COLG), volcanic arc granites (VAG), within plate 
granites (WPG), and ocean ridge granites (ORG; after Pearce et al., 1984). Dashed 
line represents the upper boundary for compositionally anomalous ridge segments. 
C) Th/Yb vs Ta/Yb diagram (Pearce, 1983) used to discriminate the between 
subduction-related magmas and oceanic magmas derived from depleted (MORB) 
and enriched (OIB) sources; uncontaminated within plate magmas (WPB) should 
plot in the enriched mantle souce region of the diagram. Course-dashed lines 
separate island arc tholeiitic (IAT), calc-alkaline (CA), and shoshonitic  (SHO) 
fields. Vectors indicate the effects of subduction components (S), within-plate 
enrichment (W), crustal contamination (C), and fractional crystallization (F). The 
Th/Yb vs Ta/Yb diagram from Pearce (1983) was originally designed for the 
discrimination of basaltic rocks; a range of bulk compositions are plotted here. 
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Figure 3.12. Sr, Nd, and common Pb isotope diagrams for intrusive rocks from the 
Cougar Creek Complex, the Oxbow Complex, the Salmon River canyon, and the 
Olds Ferry arc terrane. In panel A, the vertically-hatched field is for volcanic rocks 
from the Late Triassic Nicola Group, Quesnellia arc terrane (Smith et al., 1995); the 
horizontally-hatched field is for extrusive rocks from the Late Triassic Takla Group 
from the Stikinia arc terrane (Dostal et al., 1999); the diagonally-hatched field for 
Late Triassic Takla Group of the Quesnellia arc terrane (Dostal et al., 2009). 
Symbology for all diagrams is shown in panel C. 
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Figure 3.13. Arc-Arc collisional model for the Blue Mountains Province (figure 
modified from Kurz et al., 2010a In Review).  The tectonic model incorporates ideas 
from a number of previously published studies including Dickinson and Thayer 
(1978); Dickinson (1979); Avé Lallemant et al., (1980, 1985); Mortimer (1986); Follo 
(1992); Avé Lallemant (1995); Dorsey and LaMaskin (2007); Schwartz et al. (2010). 
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CHAPTER FOUR: ISOTOPIC IMAGING OF CORDILLERAN ARC TERRANES: 
IMPLICATIONS FOR LITHOSPHERIC ARCHITECTURE 
 
Abstract 
Isotopic analyses of Permo-Triassic intrusive igneous rocks from the Wallowa 
and Olds Ferry arc terranes of the Blue Mountains Province in northeastern Oregon and 
western Idaho provide new constraints on regional lithospheric architecture, with 
implications for models of Laramide crustal shortening and the provenance of Cenozoic 
magmatism. The isotopically intermediate character of the Olds Ferry fringing arc terrane 
is recognized as a primary early Mesozoic feature predating Cordilleran shortening. 
Isotopic profiles generated orthogonal to the Wallowa-Olds Ferry terrane boundary and 
the western Idaho shear zone show abrupt increases in 87Sr/86SrI compositions, and mark 
the transitions between three geochemically distinct lithospheric columns corresponding 
to: 1) relatively depleted intra-oceanic lithosphere of the Wallowa arc; 2) isotopically 
intermediate lithosphere of the Olds Ferry fringing arc; and 3) the truncated margin of the 
ancient and isotopically evolved North American continent. West to east spatial 
variability in the isotopic compositions of Neogene volcanic rocks may thus be explained 
by the partial melting of these three geochemically distinct lithospheric reservoirs, in 
contrast to models requiring offset of the North American cratonic margin (Leeman et al., 
1992). Combined Sr, Nd, and common Pb isotopic data also support interpretations that 
inherited arc-related mantle of the Wallowa and Olds Ferry terranes play a primary role
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in the petrogenesis of low-K, high-alumina olivine tholeiites from the northwestern Great 
Basin. 
 
Introduction 
The assembly of continental lithosphere via tectonic accretion and magmatic 
addition, and the role of this new material in the subsequent petrologic evolution and 
maturation of the craton are important topics in the geosciences. Isotope geochemistry is 
an essential tool for characterizing and discriminating lithospheric components, and is a 
powerful means of building a conceptual model of lithospheric architecture. More 
specifically, isotopic constraints for igneous rocks play an important part in 
understanding the origins and distribution of source reservoirs, as well as their controls 
on the later tectonomagmatic development of the crust. 
During late Paleozoic and Mesozoic time, significant crustal growth occurred 
along the Cordilleran margin of western North America via subduction-related 
magmatism and by the suturing of allochthonous arc terranes (Oldow et al., 1989; 
Burchfiel et al., 1992; Saleeby et al., 1992). Isotopic analysis of magmatic rocks along 
the Cordilleran orogen has been useful in identifying major lithospheric boundaries 
between the North American craton and material accreted to the continental margin 
(Kistler and Peterman, 1973; Armstrong et al., 1977; Fleck and Criss, 1985; Manducca et 
al., 1992). More recently, Sr, Nd, and Pb isotopic characterization of Permo-Triassic 
magmatic rocks from the Olds Ferry and Wallowa arc terranes (see Chapter 3; Schwartz 
et al., 2010) in the Blue Mountains Province of Oregon and Idaho (Figure 1) have offered 
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more refined constraints on regional lithospheric structure and the composition of mantle 
reservoirs that may impact later Mesozoic to Cenozoic petrogenetic processes. 
New isotopic analyses for older magmatic rocks (i.e., prior to Late Jurassic 
suturing) from the Wallowa and Olds Ferry arc terranes now allow their distinction. The 
Wallowa arc is inferred to be an intra-oceanic arc based on its consistently primitive 
isotopic characteristics (see Chapter 3). In contrast, the Olds Ferry arc is more 
isotopically evolved and is interpreted as a continental-fringing arc system (see Chapter 
3). Previously, the isotopic characteristics of these two arcs were assumed to be the same 
based on the initial Sr (87Sr/86SrI) isotopic analyses of a few post-accretion plutons from 
the Wallowa terrane alone (Armstrong et al., 1977). Therefore, previous work has defined 
chemically distinct lithospheric provinces based on the isotopic character of the Wallowa 
terrane only and have not specifically addressed the separate role of the Olds Ferry arc 
within this context. The potential influence of Olds Ferry mantle components on the 
petrogenesis of subsequent magmatic episodes in the region has also not been recognized 
(e.g., basaltic and rhyolitic volcanism in the western Snake river plane and Owyhee 
plateau). In this study, isotopic data for late Paleozoic and early Mesozoic intrusive rocks 
from the Olds Ferry and Wallowa arc terranes are combined with ~1,600 igneous rock 
analyses gathered from the literature and the North American Volcanic and Intrusive 
Rock Database (NAVDAT) to test hypotheses of regional lithospheric architecture (c.f. 
Leeman et al., 1992) and explore the role of inherited arc-related mantle in the 
petrogenesis of younger basalt magmatism in the region. 
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Background 
Regional mapping along the Oregon-Idaho border by Hamilton (1963) 
differentiated cratonal rocks of North America from accreted arc terranes of the Blue 
Mountains Province. Contrasting isotopic compositions between the craton and arc-
related rocks were first characterized by Armstrong et al. (1977) via the 87Sr/86SrI 
analyses of primarily late Mesozoic and younger igneous rocks. 87Sr/86SrI isopleths 
delineated an abrupt transition between isotopically juvenile arc terranes in the west (e.g., 
87Sr/86SrI < 0.704) and isotopically enriched cratonal material to the east (e.g., 87Sr/86SrI > 
0.706; c.f. Kistler and Peterman, 1973). The inferred boundary between continental and 
oceanic rocks was interpreted as corresponding to the 87Sr/86SrI = 0.706 isopleth (Kistler 
and Peterman, 1973; Armstrong et al., 1977). The work of Armstrong et al. (1977) 
spurred numerous studies that have helped to characterized the lithologic, structural, and 
geochemical nature and tectonic significance of this fundamental lithospheric boundary 
(c.f. Fleck and Criss, 1985; Criss and Fleck, 1987; Lund and Snee, 1988; Strayer et al., 
1989; Leeman et al., 1992; Manducca et al., 1992, 1993; McClelland et al., 2000; Giorgis 
et al., 2005; Gray and Oldow, 2005; King et al., 2007; McClelland and Oldow, 2007; 
Giorgis et al., 2008; Bedford et al., 2010). 
Rocks that spatially coincide with this isotopic boundary record multiple episodes 
of deformation; the orientations of major structural features related to these events are 
also generally concordant with respect to the inferred sub-vertical geometry of the 
boundary. The Salmon River suture zone is located in west-central Idaho and consists of 
a broad thrust belt that records the suturing of arc terranes to North America in the Early 
Cretaceous (Selverstone et al., 1992; McClelland et al., 2000; Giorgis et al., 2007). The 
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western Idaho shear zone is a relatively narrow mylonite zone that overprints the Salmon 
River suture zone, recording Middle to Late Cretaceous dextral-oblique intra-arc shearing 
(McClelland et al., 2000; Giorgis et al., 2005, 2007, 2008; Bedford et al., 2010). The 
western Idaho shear zone extends for ~350 km from the South Fork of the Clearwater 
River in the north to the Owyhee Mountains in the south, and may represent the northern 
extension of similar aged shear zones found within the Sierra Nevada batholith (Busby-
Spera and Saleeby, 1990; Giorgis et al., 2005, 2008; Bedford et al., 2010). 
In central Idaho, focused geochemical transects that straddle the defined 87Sr/86SrI 
0.706 line show the transition from low to high 87Sr/86SrI compositions occur over 
distances ranging from less than one kilometer to ~15 km (Fleck and Criss, 1985; Criss 
and Fleck, 1987; Manducca et al., 1992; King et al., 2007). However, to the south, 
isotopic gradients are less steep. An isotopic profile from Leeman et al. (1992) across 
southeastern Oregon and into the Snake River plain (~43° N Lat.) showed the transition 
from primitive oceanic 87Sr/86SrI values to enriched cratonic compositions occurring over 
a distance of >150 km based on the initial Sr isotopic compositions of Neogene basalts 
and rhyolites. However, interpretation of this geochemical profile assumed that 87Sr/86SrI 
compositions for igneous rocks from the Blue Mountains are uniform. 
In addition to isotopic techniques, regional gravity, aeromagnetic, and 
aeroradioactivity surveys have also delineated the possible location of the western North 
American craton (Evans et al., 2002). Isostatic residual gravity anomalies identify 
possible mafic to felsic plutonic bodies associated with the accreted trerranes of the Blue 
Mountains and the craton (Evans et al., 2002). Aeroradioactivity data for southeastern 
Oregon identify a distinct southwest to northeast trending boundary between possible 
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oceanic and continental crustal blocks. The K/eTh ratio provides the best indicator for 
this transition (Evans et al., 2002). Xenoliths of radiolarian chert and argillite within 
Cenozoic volcanic rocks near Westfall Butte, Oregon (Figure 1) suggest the existence of 
accreted oceanic material near the K/eTh boundary (Evans et al., 2002, and references 
therein). 
 
Methods and Results 
Initial Sr isotopic and spatial reference data for late Paleozoic through Cenozoic 
igneous rocks from eastern Oregon, western Idaho, northern Nevada, and southeastern 
Washington were compiled from the literature and the North American Volcanic and 
Intrusive Rock Database. These data were combined with recent Sr, Nd, and  Pb isotopic 
data for late Paleozoic and early Mesozoic intrusive rocks from the Wallowa and Olds 
Ferry arc terranes of the Blue Mountains Province (see Chapter 3, Table C.5; Schwartz et 
al., 2010).  Point data for ~1,600 samples were mapped using ArcGIS software 
(ArcMAP) and symbolized based on age and 87Sr/86SrI values providing a comprehensive 
isotopic image of the lithospheric mantle and lower crust (Figure 1). 87Sr/86SrI data are 
projected onto three cross-sectional profiles using ArcMAP to illustrate isotopic gradients 
orthogonally across inferred boundaries that separate the constituent arc terranes of the 
Blue Mountains and the western Idaho shear zone (Figure 1). Referencs for all data are 
provided in Appendix D. 
Initial Sr isotopic data along profile A-A´ illustrate an abrupt change between 
accreted arc lithosphere of the Blue Mountains to the west and cratonic material of North 
America to the east (Figures 1 and 2A). Inferred boundaries that separate the Wallowa, 
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Izee, and Olds Ferry terranes, as well as the position of the western Idaho Shear zone, all 
closely coincide with this abrupt isotopic transition. 87Sr/86SrI analyses for samples 
collected to the west of the inferred boundary between the Wallowa and Olds Ferry arcs 
are predominantly less than 0.7035. 
Along profile B-B´, 87Sr/86SrI data located to the west of the inferred boundary for 
the Wallowa arc terrane are also predominantly less than 0.7035 (Figure 2B). 87Sr/86SrI 
compositions located between this boundary and the western Idaho shear zone increase to 
values up to ~0.7053, and mainly derive from Triassic intrusive rocks collected from the 
Olds Ferry arc (see Chapter 3). The position of the western Idaho shear zone on transect 
B-B´ marks a second pronounced increase in 87Sr/86SrI isotopic composition to values 
greater than 0.706. 
From the west, initial Sr isotopic compositions along profile C-C´ are dominantly 
less than 0.7045, but show a sharp increase that coincides with the location of the K/eTh 
boundary identified by Evans et al. (2002), which they infer to be the western extent of 
the North American continental margin (Figures 1 and 2C). Alternatively, the northern 
end of the K/eTh line intersects the southwesterly projection of the Olds Ferry arc terrane 
boundary. Between the K/eTh line and the western Idaho shear zone, 87Sr/86SrI isotopic 
compositions range from ~0.7035 to ~0.7075. East of the western Idaho shear zone 
87Sr/86SrI data show a second prominent increase to values of 0.705 and higher. In all 
three geochemical profiles, 87Sr/86SrI values that exceed 0.710 only occur to the east of 
the western Idaho shear zone. With the exception of a small number of samples located to 
the south of the Oregon-Idaho graben, all 87Sr/86SrI isotopic values greater than 0.706 
occur on or to the east of the western Idaho shear zone. 
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Discussion 
Initial Sr isotopic analyses for Permo-Triassic intrusive rocks from the Wallowa 
and Olds Ferry arc terranes have significant implications for regional lithospheric 
architecture, and may help to explain west to east compositional variations in Cenozoic 
basaltic and ryholitic volcanism in the area. 87Sr/86SrI compositions along the three 
geochemical profiles (Figures 2A-2C) show sharp west to east increases that spatially 
correspond with the inferred Wallowa - Olds Ferry arc terrane boundary, the western 
Idaho shear zone (i.e., the Olds Ferry arc - continent transition), and prominent 
geophysical gradients (i.e., the K/eTh line; Evans et al., 2002). We propose that the 
lithospheric column between the K/eTh domain boundary (Evans et al., 2002) and the 
western Idaho shear zone (Figures 1 and 2C) represents the crust and mantle components 
of the Olds Ferry arc terrane. Evans et al. (2002) interpret the K/eTh boundary as the 
western extent of cratonal North America.  However, a northeast projection of the K/eTh 
line intersects the inferred contact between the Mesozoic Izee basin and the Olds Ferry 
terrane constraining these arc-related rocks to the east of this geophysical boundary. 
Furthermore, mm to cm-sized radiolarian chert and argillite xenoliths occur in Miocene 
volcanic rocks near Westfall Butte, Oregon, suggesting the presence of Baker terrane 
rocks directly beneath the K/eTh line, which also implies that the Olds Ferry arc lies to 
the east of the K/eTh line.  
87Sr/86SrI compositions for intrusive bodies from the Olds Ferry arc are 
transitional between isotopically primitive rocks of the Wallowa arc and evolved material 
located to the east of the western Idaho shear zone (Figures 1 and 2C), and may be used 
to explain spatially related isotopic variability observed in younger volcanic rocks in the 
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region. Leeman et al. (1992) proposed that transitional isotopic compositions for 
Neogene basalts and rhyolites from southeastern Oregon, southwestern Idaho, and 
northern Nevada may be explained via derivation from oceanic and continental reservoirs 
that were juxtaposed along a west-dipping basal décollement, which places depleted 
oceanic source rocks above subcontinental lithospheric mantle. Juxtaposed oceanic and 
cratonal mantle coincide with the vertical zone between the K/eTh line and the western 
Idaho shear zone (Figure 2D). We suggest an alternative model in Figure 2E. Based on 
the 87Sr/86SrI data for igneous rocks from the Olds Ferry arc terrane and its possible 
extension to south, a lithospheric-scale décollement is not needed to explain isotopic 
variation in younger volcanic rocks. Spatially systematic isotopic variation of Cenozoic 
volcanic rocks may be explained by partial melting across three compositionally distinct 
lithospheric columns (Figure 2E). Abrupt increases of 87Sr/86SrI values that correspond to 
inferred crustal boundaries support coupled, vertical to subvertical boundaries between 
compositionally distinct lithospheric blocks, and the persistence of these vertical 
boundaries from the time of accretion to at least the Miocene. A corollary of persistent 
vertical coupling between crust and mantle is that contraction related to Mesozoic fold 
and thrust belts must root through the lithosphere within the Mesozoic arc axial zone. 
Isotopic data for Cretaceous intrusive rocks within and adjacent to the western 
Idaho shear zone are similar to compositions of basement rocks from the Olds Ferry arc 
terrane (Figures 3A and 3B). The observed isotopic similarity suggests that the late 
Mesozoic arc could have been initially constructed on portions of the remnant Olds Ferry 
arc. 
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These new Sr, Nd, and Pb isotopic data for late Paleozoic and early Mesozoic 
intrusive rocks from the Wallowa and Olds Ferry arc terranes also provide new 
constraints on the geochemistry of lithospheric components involved in the Cenozoic 
tectonomagmatic evolution of the region. We suggest that the isotopic character of the 
Olds Ferry arc lithosphere is particularly relevant to the petrogenesis of chemically 
distinct low-K, high-alumina olivine tholeiites, which are interpreted as being derived 
from a depleted MORB mantle end member with varying degrees of contamination by 
small-volume melts of mafic lithosphere (Hart et al., 1985, 1997; Shoemaker and Hart, 
2002). 
Low-K, high-alumina olivine tholeiites are distributed over a large geographic 
area in the northwestern Great Basin from the Cascade volcanic range in the west to the 
eastern Snake River plain of Idaho, as well as portions of northern California and Nevada 
(Hart et al., 1985, 1997). Low-K, high-alumina olivine tholeiites are also closely 
associated with other olivine tholeiites in the region (Hart et al., 1985), and are broken 
into four primary groups based on their K2O and TiO2 contents. These groups include the 
low-K, high-alumina olivine thoeiites (K2O ≤ 0.39% and TiO2 ≤ 1.35%), low-K, low-Ti 
olivine transitional olivine tholeiites (K2O ≤ 0.5% and TiO2 ≤ 2.0%), low-K, high-Ti 
transitional olivine tholeiites (K2O ≤ 0.5% and TiO2 > 1.35%), and the high-K, high-Ti 
olivine tholeiites or Snake River olivine tholeiites (K2O > 0.5% and TiO2 > 2.0%; Hart et 
al., 1985). The geochemical variations of these tholeiitic rocks also generally coincide 
with inferred boundaries between oceanic and cratonal lithospheric blocks (Hart et al., 
1985, 1997). 
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Sr and Nd isotopic compositions of high-alumina olivine tholeiites overlap with 
fields for intrusive rocks from the Wallowa and Olds Ferry arc terranes (Figure 3A). In 
Sr-Pb space, compositions of high-alumina olivine tholeiites occur almost entirely within 
the field for Olds Ferry intrusive rocks (Figure 3B). A portion of the field depicting the 
isotopic compositions for Snake River olivine tholeiites also overlaps with Olds Ferry 
intrusive rocks. Based on these isotopic observations and our proposed lithospheric 
model (Figure 2D), we infer that the mild isotopic enrichment, as well as the subduction-
modified trace element signature of low-K, high-alumina olivine tholeiites is sourced 
from the arc mantle of the Olds Ferry terrane. 
 
Conclusions 
Initial Sr isotopic compositions for late Paleozoic and early Mesozoic intrusive 
rocks from the Wallowa and Olds Ferry arc terranes help to develop alternative 
interpretations of lithospheric architecture in southeastern Oregon and southwestern 
Idaho. Sharp increases in 87Sr/86SrI compositions coincide with the inferred boundary 
between the Wallowa and Olds Ferry arc terranes, and with the position of the western 
Idaho shear zone. The Wallowa-Olds Ferry terrane boundary and the increase in 87Sr/86SrI 
compostions also spatially correspond with the K/eTh line (Evans et al., 2002). A 
lithospheric-scale basal décollement is not needed to explain the spatial variability in the 
isotopic compositions of Neogene volcanic rocks in the region (e.g., Leeman et al., 
1992). Variation in isotopic compostions for Neogene volcanic rocks in southeastern 
Oregon and southwestern Idaho may be explained by partial melting across three distinct 
lithospheric columns (Figure 2D). Persistence of vertical coupling between crust and 
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mantle suggests that contraction related to Mesozoic fold and thrust belts likely roots 
through the lithosphere within the Mesozoic arc-axial zone. Subduction-modified 
lithospheric mantle and crust associated with the Olds Ferry fringing arc terrane also 
played a significant role in the Cenozoic tectonomagmatic evolution of the region, 
specifically with regard to the petrogenesis of high-alumina olivine tholeiites. 
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Figure 4.1. Map showing the distribution of initial 87Sr/86Sr ratios for late Paleozoic 
through Cenozoic volcanic and intrusive rocks from eastern Oregon, Idaho, 
southeastern Washington, and northern Nevada. Data points are symbolized based 
on age and initial 87Sr/86Sr compositions: diamonds = Permian; squares = Triassic; 
circles = Jurassic; triangles = Cretaceous; inverted triangles = Paleogene;  and 
crosses = Neogene; hot colors (red to orange) represent low initial 87Sr/86Sr values; 
cold colors (blue) represent high initial 87Sr/86Sr values. 
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Figure 4.2. Isotopic and model lithospheric cross sections across major terrane 
boundaries of the Blue Mountains and the western Idaho shear zone. (A) cross 
section A-A´; (B) cross section B-B´; (C) cross section C-C´. Symbology on cross 
sections corresponds to age and is the same as Figure 1. (D) Lithospheric model of 
Leeman et al. (1992). (E) New lithospheric model illustrating three distinct 
lithospheric columns. 
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Figure 4.3. Sr, Nd, and common Pb isotopic data for late Paleozoic through 
Cenozoic volcanic and intrusive rocks. (A) Initial 143Nd/144Nd vs initial 87Sr/86Sr. (B) 
Initial 87Sr/86Sr vs 206Pb/204Pb. Fields for uncorrected Sr and Nd isotopic 
compositions for intrusive units from the Wallowa and Olds Ferry arc terranes are 
also shown to assess their possible role in crustal contamination processes. WAi and 
OFi = initial isotopic compositions for intrusive rocks from the Wallowa and Olds 
Ferry arc terranes; WAm and OFm = measured isotopic compositions for intrusive 
rocks from the Wallowa and Olds Ferry arc terranes. For the following data fields 
please refer to Appendix D for references. HAOT = low-K, high-alumina olivine 
tholeiite; SROT = Snake River olivine tholeiite; Imnaha, Grand Ronde, and Saddle 
Mountain represent members of the Columbia River Group; Cretaceous, Paleogene, 
and Eocene Intrusive Rocks from the NAVDAT database; large black square = 
average depleted MORB mantle; large dark gray square = enriched mantle I end 
member; large light gray square = enriched mantle II end member; large white 
square = high µ end member. 
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APPENDIX A 
 
Geochemical and U-Th-Pb Isotopic Data for Magmatic Zircon from Intrusive Rocks 
of the Cougar Creek Complex 
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CC-7-9-2 CC-6-8-2 CC-7-17-1 CC-7-11-2 CC-6-7-3 CC-6-3-1 CC-6-3-2 CC-6-4-1 CC-6-16-1 CC-8-3-1 V92-1
SiO2 75.31 51.01 51.49 51.98 53.01 51.58 50.32 69.62 57.47 68.77 73.18
TiO2 0.33 1.07 1.14 1.12 1.95 1.05 1.42 0.36 0.83 0.41 0.26
Al2O3 13.01 20.23 18.24 16.92 16.03 16.71 16.34 15.90 17.41 15.67 13.06
FeO total 2.57 8.34 10.73 9.11 11.18 9.90 10.03 3.20 6.26 3.61 2.97
MnO 0.05 0.17 0.23 0.20 0.31 0.18 0.20 0.08 0.12 0.14 0.05
MgO 0.82 4.20 4.57 7.15 4.53 6.45 7.54 1.05 4.44 1.46 0.41
CaO 3.94 11.74 10.33 10.44 9.51 11.23 11.04 4.57 11.00 4.48 5.85
Na2O 3.81 2.91 2.85 2.62 2.97 2.39 2.74 3.84 2.13 3.98 3.86
K2O 0.10 0.22 0.25 0.28 0.04 0.30 0.20 1.24 0.03 1.32 0.03
P2O5 0.06 0.13 0.19 0.20 0.46 0.19 0.22 0.14 0.25 0.17 0.06
Total 100.00 100.03 100.02 100.02 100.00 99.97 100.05 100.00 99.94 100.01 99.73
V92-2 V92-3 V92-4 V92-5 V92-6 V92-7 V92-8 V92-9 V92-10 V92-11 V92-12
SiO2 76.49 51.58 70.14 74.18 52.03 51.81 77.16 76.90 50.87 71.87 75.64
TiO2 0.32 1.14 0.39 0.16 1.00 0.86 0.30 0.17 1.07 0.44 0.43
Al2O3 12.39 16.78 15.44 15.02 18.50 18.98 12.73 12.09 16.10 14.04 13.03
FeO total 2.40 10.32 3.10 1.13 10.30 10.12 1.63 2.93 9.52 3.35 2.26
MnO 0.05 0.23 0.12 0.04 0.26 0.23 0.04 0.08 0.19 0.08 0.06
MgO 1.00 8.04 1.26 0.37 4.31 4.64 0.60 1.31 6.60 1.36 0.56
CaO 2.73 7.46 3.31 2.53 9.37 9.77 1.46 2.88 12.82 2.43 2.78
Na2O 3.90 3.67 3.67 5.49 3.40 2.87 4.79 2.89 1.95 6.02 4.71
K2O 0.54 0.25 2.03 0.98 0.28 0.20 1.16 0.57 0.18 0.01 0.33
P2O5 0.05 0.15 0.18 0.04 0.25 0.22 0.06 0.03 0.20 0.10 0.06
Total 99.87 99.62 99.64 99.94 99.70 99.70 99.93 99.85 99.50 99.70 99.86
V92-13 V92-14 V92-15 V92-16B V92-17 V92-18 V92-19 V92-20B V92-21 V92-22 V92-23
SiO2 52.82 74.10 49.75 59.24 70.07 50.87 51.26 53.48 76.43 47.48 76.85
TiO2 0.79 0.32 0.83 0.83 0.43 0.47 0.56 0.50 0.33 2.36 0.22
Al2O3 16.42 13.71 16.93 16.55 15.07 17.13 13.12 14.90 12.84 16.99 13.12
FeO total 12.27 2.60 8.94 9.01 4.24 9.04 10.98 6.41 1.64 12.67 1.40
MnO 0.25 0.04 0.21 0.22 0.07 0.18 0.24 0.19 0.04 0.21 0.03
MgO 4.82 0.73 9.54 3.63 1.50 7.81 10.00 10.08 0.79 7.23 0.35
CaO 8.16 3.88 11.22 6.36 4.68 13.41 11.17 11.03 1.63 9.35 2.13
Na2O 2.85 4.15 1.76 3.38 3.34 0.66 1.34 2.63 5.89 3.26 4.55
K2O 0.94 0.22 0.37 0.17 0.24 0.03 0.88 0.46 0.25 0.51 1.21
P2O5 0.07 0.07 0.16 0.14 0.11 0.06 0.03 0.14 0.07 0.39 0.05
Total 99.39 99.82 99.71 99.53 99.75 99.66 99.58 99.82 99.91 100.45 99.91
V92-24 V92-25 V92-26 V92-27
SiO2 51.97 77.80 50.13 77.84
TiO2 0.94 0.22 1.09 0.25
Al2O3 16.64 12.32 16.50 11.95
FeO total 10.35 1.52 10.03 1.75
MnO 0.21 0.04 0.19 0.03
MgO 5.95 0.49 7.72 0.48
CaO 9.92 1.30 10.82 1.55
Na2O 2.72 6.13 2.85 5.94
K2O 0.69 0.06 0.06 0.04
P2O5 0.14 0.03 0.18 0.05
Total 99.53 99.91 99.57 99.88
(a) Values in weight percent.
(b) Location data for samples with notation "V92" available in Kurz (2001).
Table A.1. Major Oxide Data for Intrusive Rocks from the 
Cougar Creek Complex.
194
CC-7-9-2 CC-6-8-2 CC-7-17-1 CC-7-11-2 CC-6-7-3 CC-6-3-1 CC-6-3-2 CC-6-4-1 CC-6-16-1 CC-8-3-1
V 52 362 359 285 214 335 306 37 170 60
Sc 12.12 29.15 40.17 39.92 38.75 44.85 42.00 3.73 20.31 5.09
Cu 12 20 114 59 25 86 83 5 6 3
Zn 29 70 102 80 117 72 76 26 60 29
Ni 4 31 3 72 11 41 79 2 51 4
Cr 1 70 23 165 42 92 219 1 90 1
Cs 2.90 0.76 0.67 0.75 0.62 0.72 0.68 0.71 0.73 1.41
Rb 1.32 2.54 2.04 4.63 0.48 4.67 1.89 20.21 0.50 25.33
Ba 236.31 67.85 125.16 61.80 21.76 65.98 52.53 463.03 19.67 217.19
Th 1.47 0.21 0.15 0.32 0.28 0.35 0.19 1.64 2.16 1.91
K 344.61 753.46 861.61 964.87 137.85 1033.77 689.23 4272.96 103.40 4548.82
U 0.60 0.10 0.07 0.15 0.12 0.19 0.10 0.54 0.76 0.81
Ta 0.17 0.10 0.07 0.19 0.25 0.12 0.16 0.21 0.20 0.21
Nb 2.13 1.63 1.25 2.49 3.67 1.68 2.25 4.43 3.25 2.62
La 7.61 3.00 2.43 5.22 4.96 5.14 5.03 16.48 12.75 16.13
Ce 17.28 8.03 6.32 13.60 13.64 12.59 13.83 29.56 26.22 33.66
Pb 2.77 1.87 1.87 1.98 3.00 1.76 2.00 2.50 3.30 2.10
Pr 2.30 1.32 1.05 1.98 2.19 1.89 2.08 3.13 3.40 4.07
Sr 202.17 392.30 356.16 223.77 279.33 273.04 240.88 474.69 574.63 369.35
P 56.18 122.08 176.19 194.25 439.02 178.06 207.59 138.07 240.96 161.88
Nd 10.83 7.43 6.07 10.08 12.23 9.70 10.99 11.51 15.13 16.88
Sm 3.24 2.51 2.26 3.18 4.27 3.03 3.56 1.85 3.65 3.67
Zr 105.45 39.13 21.86 82.96 84.92 55.72 95.28 140.23 71.94 110.04
Hf 3.48 1.31 0.82 2.11 2.35 1.61 2.37 3.57 2.03 3.12
Eu 0.83 0.93 1.11 1.19 2.02 1.12 1.37 0.88 1.21 1.12
Ti 1181.70 3851.66 4077.13 4019.09 7015.33 3778.38 5114.81 1285.81 2963.70 1483.41
Gd 3.87 2.98 2.89 3.83 5.50 3.48 4.32 1.33 3.30 3.25
Tb 0.73 0.53 0.53 0.69 0.93 0.60 0.79 0.18 0.50 0.51
Dy 4.89 3.44 3.46 4.38 5.79 3.81 4.98 1.00 2.82 3.12
Y 30.77 18.88 19.08 24.39 31.16 20.87 27.28 5.72 14.91 19.07
Ho 1.10 0.71 0.73 0.94 1.19 0.79 1.05 0.20 0.56 0.66
Er 3.29 1.99 2.08 2.57 3.22 2.21 2.92 0.56 1.46 1.91
Tm 0.52 0.28 0.30 0.37 0.45 0.32 0.41 0.09 0.21 0.30
Yb 3.56 1.77 1.94 2.41 2.73 1.98 2.55 0.62 1.29 2.03
Lu 0.59 0.27 0.31 0.36 0.43 0.31 0.39 0.11 0.20 0.35
(a) Values in parts per million (ppm)
UTM Zone 11
Easting 538327 537102 543746 537176 538923 541911 541911 541973 535746 542135
Northing 5045096 5044096 5052865 5044868 5045394 5049644 5049644 5050986 5044344 5047539
Table A.2. Trace Element Data for Intrusive Rocks from the 
Cougar Creek Complex.
195
CC07-02 CC07-04 CC08-01 CC08-03 CC08-04 CC08-05 CC08-06
V 475.8 37.87 21.63 14.07 309.1 174.7 27.96
Sc 42.07 2.98 2.51 0.86 33.05 20.68 3.05
Cu 127.9 52.59 4.09 31.93 30.37 26.61 255.3
Zn 108 27.62 11.33 4.012 87.07 71.8 143.9
Ni 53.6 1.458 1.024 1.418 4.747 3.259 1.8
Cr 69.39 1.692 11.71 1.389 2.683 4.075 2.108
Cs 0.44 0.40 0.08 0.08 0.06 0.05 0.40
Rb 4.80 1.11 27.46 1.55 5.34 3.59 6.65
Ba 101.20 108.60 579.10 554.00 62.09 62.88 516.00
Th 0.19 0.57 1.97 1.44 0.03 0.19 2.71
K 2710.00 1900.00 20460.00 3640.00 2810.00 1810.00 9060.00
U 0.11 0.29 0.68 0.16 0.01 0.11 0.18
Ta 0.06 0.17 0.64 0.01 0.06 0.09 0.13
Nb 0.95 2.86 12.31 0.29 1.43 1.64 2.58
La 3.39 5.28 12.07 11.36 2.12 4.01 16.05
Ce 9.06 10.37 22.16 17.03 7.13 10.58 28.70
Pb 1.07 1.48 0.72 1.13 0.39 0.82 14.16
Pr 1.53 2.02 3.08 2.28 1.47 1.81 4.20
Sr 549.50 235.80 156.50 156.60 432.00 451.00 218.10
P 880.00 640.00 520.00 140.00 650.00 1210.00 500.00
Nd 8.02 9.38 11.50 7.97 8.78 9.60 16.19
Sm 2.61 2.55 2.29 1.19 3.10 2.98 2.98
Zr 32.63 156.00 102.80 76.61 23.96 29.70 201.50
Hf 1.10 4.07 2.66 2.25 0.96 0.95 4.63
Eu 1.04 0.94 0.71 0.67 1.22 1.07 1.07
Ti 8670.00 2850.00 1440.00 690.00 7180.00 4980.00 2200.00
Gd 2.95 2.70 1.97 1.01 3.53 3.29 2.69
Tb 0.51 0.45 0.29 0.10 0.62 0.55 0.34
Dy 3.33 2.96 1.66 0.45 4.07 3.58 1.92
Y 19.45 19.31 10.20 2.58 24.53 22.06 11.95
Ho 0.71 0.68 0.35 0.08 0.88 0.79 0.40
Er 1.96 1.98 1.02 0.25 2.49 2.20 1.17
Tm 0.29 0.33 0.17 0.04 0.38 0.33 0.18
Yb 1.87 2.26 1.20 0.34 2.47 2.23 1.35
Lu 0.27 0.33 0.19 0.08 0.34 0.31 0.23
(a) Values in parts per million (ppm)
UTM Zone 11
Easting 537146 537146 541982 541992 541991 541991 541987
Northing 5043966 5043966 5050986 5050640 5050407 5050521 5050811
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APPENDIX B 
 
LA-ICP-MS and ID-TIMS Analytical Methods; LA-ICP-MS Trace Element Data 
for Titanite, Monazite, and the BLR-1 Titanite Standard; and U-Th-Pb Isotopic 
Data for Neoblastic and Magmatic Titanite and Monazite from Intrusive Rocks of 
the Cougar Creek Complex 
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Analytical Procedures 
 
Laser Ablation-Inductively Coupled Plasma-Mass Spectrometry Methods 
Laser ablation-inductively coupled plasma-mass spectrometric (LA-ICP-MS) 
analyses were performed on titanite and monazite grains, both in-situ in 100 micron-thick 
polished sections and as grain separates in epoxy mounts. Analyses were performed using 
a Thermo Scientific XSeries2 quadrupole ICP-MS coupled to a New Wave UP213 
Nd:YAG Laser Ablation System at the Boise State University (BSU) Biogeochemical 
and Trace Element Facility. Spot analyses ranged from 40 mm to 4 mm in diameter using 
fluence and pulse rates of 10-15 J/cm2 and 10 Hz, respectively, during a 45 second dwell 
time. Ablated material was carried by He gas at a rate of 1 L/min. Si and Ca were counted 
for 5 ms; Zr, U, Th, and Pb were counted for 40 ms; and all other elements were counted 
for 10 ms. Background count rates for each analyte were obtained prior to each spot 
analysis and subtracted from the raw count rate for each analyte. Background-subtracted 
count rates for each analyte were internally normalized to 29Si, and calibrated to 
concentrations using NIST 610 glass as the primary standard.  Natural titanite standard 
BLR-1 was also used to monitor instrument drift during LA-ICP-MS analyses.  Thorough 
geochemical and U-Pb ID-TIMS geochronologic characterizations of BLR-1 are 
provided in Mazdab (2009) and Aleinikoff et al. (2007), respectively. 
 
U-Pb ID-TIMS Titanite Geochronology 
Single-grain and/or multi-grain fractions of titanite were selected from mineral 
separates and transferred to 3 mL Teflon PFA beakers, sonicated and rinsed twice with 
 201 
3.5 M HNO3, and loaded into 300 µL Teflon PFA microcapsules with a weighed aliquot 
of the Boise State University mixed 233U-235U-205Pb tracer solution, and 120 µL of 29 M 
HF with a trace of 3.5 M HNO3.  Microcapsules were placed in a large-capacity Parr 
vessel, and the crystals dissolved at 220°C for 48 hours, dried to fluorides, and then re-
dissolved in 6 M HCl at 180°C overnight. U and Pb were separated from the dissolved 
matrix using a two-stage HBr- and HCl-based anion-exchange chromatographic 
procedure (Krogh, 1973) to purify Pb and U, respectively.  Purified Pb and U were 
collected separately and dried with 2 µL of 0.05 N H3PO4.  
Pb and U were loaded separately on outgassed zone-refined Re center filaments in 
2 µl of a silica-gel/phosphoric acid mixture (Gerstenberger and Haase, 1997), and 
isotopic measurements made on an IsotopX Isoprobe-T multicollector thermal ionization 
mass spectrometer equipped with nine Faraday cups and an ion-counting Daly detector. 
Pb isotopes were measured by peak-jumping all isotopes on the Daly detector for 100 to 
150 cycles, and corrected for 0.18 ± 0.04%/a.m.u. mass fractionation. Transitory isobaric 
interferences due to high-molecular weight organics, particularly on 204Pb and 207Pb, 
disappeared within approximately 30 cycles, while ionization efficiency averaged >104 
cps/pg of each Pb isotope. Linearity (to ≥1.4 x 106 cps) and the associated deadtime 
correction of the Daly detector were monitored by repeated analyses of NBS982, and 
have been constant since installation. Uranium was analyzed as UO2+ ions in static mode 
on 3 Faraday cups fitted with 1011 ohm resistors for 150 to 200 cycles, and corrected for 
isobaric interference of 233U18O16O on 235U16O16O with an 18O/16O of 0.00206. Ionization 
efficiency averaged >30 mV/ng of each U isotope. U mass fractionation was corrected 
using the known 233U/235U ratio of the tracer solution.  
 202 
U-Pb isotope ratios, dates, and uncertainties for each analysis (Table B.4) were 
calculated using the algorithms of Schmitz and Schoene (2007) and the U decay 
constants of Jaffey et al. (1971).  Uncertainties are based upon non-systematic analytical 
errors, including counting statistics, instrumental fractionation, tracer subtraction, and 
blank subtraction. Up to 0.5 pg of common Pb in analyses were attributed to laboratory 
blank and subtracted based on the measured laboratory Pb isotopic composition and 
associated dispersion; U blanks are <0.1 pg.  Sample isotope ratios and isochron 
calculations utilized these blank, tracer, and fractionation corrected ratios.  For the 
calculation of radiogenic isotope ratios and ages, excess common Pb (over blank) was 
subtracted using an early Triassic model Pb composition from Stacey and Kramers 
(1975). Radiogenic 206Pb/238U ratios and dates were also corrected for initial 230Th 
disequilibrium using a Th/U[fluid] of 3. 
Non-systematic errors on the sample isotope ratios and dates are reported as 
internal 2σ. These error estimates should be considered when comparing our isochron 
and 206Pb/238U dates with those from other laboratories that used tracer solutions 
calibrated against the EARTHTIME gravimetric standards. When comparing our dates 
with those derived from other decay schemes (e.g., 40Ar/39Ar, 187Re-187Os), the 
uncertainties in tracer calibration and 238U decay constant (Jaffey et al., 1971) should be 
added to the internal error in quadrature. This total systematic error is ± 0.25 Ma for the 
crystallization ages of the samples reported herein. 
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CC831-2_1 CC831-1_1 CC831-1_2 CC831-1_3 CC831-3_1 CC831-3_2 CC831-4_2 CC831-5_1 CC831-5_2 CC831-5_3
Ca (Wt.%) 27.58 26.69 26.46 26.39 25 24.37 26.37 22.04 22.56 22.91
Cs --- --- --- --- 0.17 0.14 0.02 0.11 0.14 0.08
Rb 0.16 0.12 0.01 0.02 0.60 0.53 0.35 0.55 0.34 0.33
Ba 10.99 5.24 6.15 6.32 1.83 1.72 6.46 6.44 2.20 1.13
Th 91.39 62.85 85.90 85.39 94.38 107.60 222.10 76.67 35.71 20.90
K --- --- --- --- --- --- --- --- --- ---
U 44.42 39.37 56.53 54.87 100.50 94.09 174.80 62.17 18.52 8.93
Ta 8.64 2.32 3.39 4.32 2.33 1.73 6.86 2.08 1.73 2.82
Nb 132.90 62.33 60.31 72.33 246.70 127.00 237.10 56.16 35.77 29.62
La 400.20 392.70 616.00 610.40 92.68 85.28 415.20 643.50 156.50 54.67
Ce 1556.00 1579.00 1844.00 1891.00 566.20 548.10 1973.00 2049.00 703.80 299.20
Pb --- --- --- --- --- --- --- --- --- ---
Pr 224.60 237.90 224.70 235.30 123.20 121.40 316.30 241.90 111.50 55.66
Sr 7.47 6.95 6.98 7.11 7.44 6.18 6.24 6.10 5.18 5.68
P --- --- --- --- --- --- --- --- --- ---
Nd 996.80 1026.00 844.60 901.00 748.40 762.40 1511.00 918.80 539.90 307.90
Sm 218.30 198.70 140.90 150.90 248.20 260.20 350.20 144.80 126.50 87.00
Zr 342.80 107.60 132.60 125.00 100.50 128.90 239.30 144.40 65.17 53.70
Hf 41.71 10.04 14.70 12.74 5.44 6.75 21.44 12.61 5.95 4.30
Eu 48.58 37.83 33.46 34.32 60.20 65.43 68.87 40.31 27.76 19.90
Ti 198800.00 192400.00 192500.00 191200.00 179800.00 176500.00 188500.00 165000.00 165500.00 168600.00
Gd 187.90 152.80 106.80 115.40 235.60 256.40 310.60 109.10 112.30 76.33
Tb 29.16 22.63 15.52 16.76 38.83 43.77 49.77 15.03 17.47 12.10
Dy 174.90 133.30 91.37 101.40 245.40 269.40 305.20 89.09 104.00 76.84
Y 993.90 754.50 547.40 608.60 1404.00 1588.00 1933.00 534.60 580.60 422.70
Ho 36.16 26.82 18.94 21.24 50.93 57.46 65.93 18.41 21.60 15.79
Er 102.50 75.81 55.24 62.44 141.50 164.90 196.90 53.17 60.20 43.25
Tm 15.16 11.20 8.75 9.93 21.77 25.08 31.90 8.53 8.78 6.28
Yb 114.00 83.27 67.78 77.60 162.60 193.70 254.70 65.55 63.29 45.85
Lu 17.04 12.20 10.75 12.14 23.53 29.10 41.09 11.17 9.69 6.89
(a) Values in parts per million (ppm) unless otherwise noted.
Table B.1. LA-ICP-MS Trace Element Data for Titanite and Monazite.
Magmatic Titanite
204
Magmatic 
Titanite
CC0803-15 CC08-06-A1-1 CC08-06-A2-1 CC08-06-A3-1 CC08-06-A4-1 CC08-06-A5-1 CC08-06-A5-2
Ca (Wt.%) --- 27.11 26.55 25.7 25.86 26.33 24.1
Cs --- 0.11 0.01 0.08 -0.01 0.02 0.09
Rb --- 0.21 0.29 0.48 0.21 0.23 0.37
Ba --- 0.11 0.21 0.94 0.08 0.06 0.10
Th 250.42 0.00 1.78 5.39 0.05 0.23 0.04
K --- --- --- --- --- --- ---
U 185.28 0.39 24.51 195.90 2.02 2.45 1.23
Ta 39.92 33.69 26.33 50.93 9.18 16.58 7.11
Nb 307.19 453.60 644.40 1443.00 154.00 352.90 114.20
La 871.09 0.14 17.19 64.99 1.32 3.99 1.97
Ce 2205.75 0.62 72.70 333.10 8.45 24.07 11.32
Pb --- --- --- --- --- --- ---
Pr 271.84 0.21 14.20 64.92 1.85 5.22 2.56
Sr --- 7.88 8.71 9.39 12.23 10.44 8.92
P --- --- --- --- --- --- ---
Nd 1159.14 2.04 91.40 368.50 11.74 34.02 15.67
Sm 208.28 1.41 46.10 158.30 6.29 13.71 5.93
Zr 463.93 267.60 53.45 62.55 3.58 132.10 258.20
Hf 25.61 18.33 3.71 3.73 0.24 6.63 8.02
Eu 73.75 3.19 89.00 376.50 9.96 23.93 12.59
Ti 219579.38 186400.00 185300.00 185400.00 186300.00 193600.00 177600.00
Gd 227.32 5.52 79.35 195.60 9.88 18.75 6.94
Tb 34.43 1.98 17.41 40.82 1.90 3.85 1.48
Dy 226.83 25.15 133.80 331.70 12.42 29.47 10.38
Y 1249.86 212.40 1040.00 2798.00 75.86 233.00 84.67
Ho 50.91 7.66 33.46 83.64 2.47 7.33 2.65
Er 151.40 27.35 111.30 291.00 5.97 25.13 8.68
Tm 22.63 4.58 19.93 52.35 0.79 4.28 1.54
Yb 146.67 33.27 170.00 437.60 4.72 32.00 11.77
Lu 20.65 3.91 29.42 70.25 0.72 5.05 1.85
(a) Values in parts per million (ppm) unless otherwise noted.
Table B.1. Continued.
Neoblastic Titanite
205
CC08-06-A6-1 CC08-06-A8-1 CC08-06-A8-2 CC08-06-A9-1 CC08-06-B3-1 CC08-06-B4-1 CC08-06-B6-1
Ca (Wt.%) 25.8 25.87 23.6 24.63 26.02 24.97 25.29
Cs 0.11 0.21 0.11 0.09 0.13 0.11 0.08
Rb 0.41 1.35 0.84 0.43 1.08 0.61 0.19
Ba 0.66 0.74 0.61 1.04 2.31 0.58 0.63
Th 2.12 3.57 6.10 3.85 1.12 0.01 0.70
K --- --- --- --- --- --- ---
U 9.82 44.89 117.50 14.44 24.37 0.54 12.01
Ta 10.90 25.32 38.80 12.21 19.72 7.77 8.41
Nb 396.00 763.80 1340.00 291.00 421.10 255.90 302.00
La 18.64 31.34 39.87 91.77 36.10 0.12 29.50
Ce 113.50 114.60 167.20 234.50 119.40 0.82 122.60
Pb --- --- --- --- --- --- ---
Pr 26.38 26.12 31.33 28.91 19.20 0.24 20.83
Sr 7.69 9.64 8.98 9.31 10.33 7.00 9.19
P --- --- --- --- --- --- ---
Nd 171.10 177.40 190.20 129.50 105.40 1.50 115.60
Sm 79.01 96.81 95.05 38.21 48.95 1.68 56.82
Zr 56.68 92.96 78.80 142.50 413.80 32.87 411.10
Hf 3.65 4.93 3.66 8.76 14.41 1.58 14.81
Eu 112.40 232.00 262.60 276.30 160.50 3.43 182.10
Ti 190000.00 157500.00 172400.00 181000.00 184600.00 183000.00 180500.00
Gd 121.90 187.40 188.60 63.00 85.88 4.37 91.62
Tb 25.88 49.78 51.36 15.79 21.13 1.67 20.38
Dy 199.20 481.80 488.80 143.50 176.90 19.01 161.50
Y 1504.00 4179.00 4516.00 1463.00 1444.00 191.70 1250.00
Ho 46.26 131.10 138.10 42.20 45.86 6.13 39.26
Er 146.30 453.30 495.00 148.70 148.50 23.56 124.00
Tm 22.59 82.86 86.20 25.59 24.33 4.22 19.23
Yb 172.30 641.20 708.40 199.00 188.20 34.32 150.20
Lu 25.23 91.23 113.10 30.67 26.86 4.69 24.48
(a) Values in parts per million (ppm) unless otherwise noted.
Table B.1. Continued.
Neoblastic Titanite
206
CC08-06-B8-1 CC08-06-C1-1 CC08-06-C4-1 CC08-06-C5-1 CC08-06-C9-1 CC08-06-D3-1 CC08-06-D4-1
Ca (Wt.%) 26.17 25.59 23.06 23.97 25.74 24.41 24.57
Cs 0.08 0.07 0.12 0.11 0.12 0.06 0.08
Rb 0.51 0.43 1.52 0.24 0.34 1.53 0.20
Ba 0.88 0.56 1.84 0.22 0.52 1.32 0.41
Th 3.60 1.32 1.50 0.71 30.96 0.73 9.54
K --- --- --- --- --- --- ---
U 41.54 19.75 2.71 4.39 4.60 1.94 5.34
Ta 24.38 6.76 14.60 3.73 9.67 9.87 12.37
Nb 892.10 324.10 225.20 128.10 335.80 182.90 373.70
La 67.24 46.59 48.28 19.65 14.70 10.22 21.95
Ce 263.90 186.40 92.93 56.35 67.75 51.19 116.60
Pb --- --- --- --- --- --- ---
Pr 40.79 31.56 10.61 7.71 10.87 9.55 22.44
Sr 12.10 8.41 9.38 7.30 12.26 7.30 7.24
P --- --- --- --- --- --- ---
Nd 199.30 183.30 45.42 39.47 55.10 58.56 137.50
Sm 62.56 83.08 12.54 15.48 13.89 24.85 49.81
Zr 363.20 65.56 159.90 161.00 169.20 323.70 58.75
Hf 12.96 3.18 6.77 3.95 7.28 23.09 3.93
Eu 359.80 191.50 30.98 40.87 39.14 29.68 36.47
Ti 190600.00 184600.00 161900.00 168500.00 182300.00 175300.00 183400.00
Gd 84.29 143.00 15.15 24.93 12.71 44.39 69.08
Tb 17.34 31.93 2.96 5.63 1.86 9.52 13.12
Dy 132.60 245.50 20.81 47.23 13.45 76.79 99.91
Y 1139.00 1936.00 162.60 397.60 99.95 591.10 769.20
Ho 34.45 61.13 5.27 12.58 3.07 20.10 23.71
Er 114.50 192.40 15.96 40.38 9.16 62.78 78.61
Tm 19.01 30.02 2.58 6.73 1.42 9.43 13.19
Yb 160.80 225.80 20.95 50.72 13.98 67.37 94.75
Lu 26.49 32.90 3.39 8.47 2.40 10.42 14.53
(a) Values in parts per million (ppm) unless otherwise noted.
Table B.1. Continued.
Neoblastic Titanite
207
CC80-06-D5-1 CC08-06-D7-1 CC08-06-D8-1 CC08-06-D9-1 CC08-06-E1-1 CC08-06-E3-1 CC08-06-E8-1
Ca (Wt.%) 25.15 23.12 24.65 25.02 24.61 25.08 23.6
Cs 0.08 0.12 0.16 0.08 0.12 0.14 0.11
Rb 0.35 0.49 0.48 0.57 0.56 0.50 0.70
Ba 0.26 1.92 0.70 0.31 0.50 0.90 0.11
Th 0.09 18.16 3.57 4.54 1.83 2.42 0.11
K --- --- --- --- --- --- ---
U 0.51 22.22 17.23 19.19 3.62 26.48 12.41
Ta 2.88 21.18 9.84 11.50 11.25 28.07 17.34
Nb 99.13 629.20 433.80 658.70 227.30 940.40 503.40
La 0.91 150.80 46.01 12.48 25.77 39.28 1.15
Ce 5.29 592.00 169.00 61.17 84.45 152.20 8.01
Pb --- --- --- --- --- --- ---
Pr 1.07 97.47 25.30 12.74 13.35 23.44 2.48
Sr 7.52 10.39 11.55 10.25 7.50 20.59 8.98
P --- --- --- --- --- --- ---
Nd 8.61 491.70 121.90 85.27 77.53 123.80 27.92
Sm 5.38 152.50 35.52 46.41 33.31 45.64 31.78
Zr 121.80 132.00 134.70 114.40 398.30 124.90 103.30
Hf 3.77 6.80 6.62 8.74 21.98 6.51 3.26
Eu 7.67 279.70 95.23 171.90 93.69 151.70 29.03
Ti 177200.00 172900.00 178800.00 178000.00 175600.00 183500.00 175100.00
Gd 9.84 164.40 45.08 83.72 57.03 73.60 96.59
Tb 2.38 30.21 8.90 20.56 12.82 16.08 26.36
Dy 19.93 202.90 71.01 160.90 100.30 127.50 251.70
Y 159.40 1465.00 599.30 1275.00 779.20 1023.00 2252.00
Ho 5.42 45.58 18.52 41.02 24.89 30.48 71.27
Er 18.92 143.60 64.33 130.80 79.66 101.20 239.10
Tm 2.88 23.73 11.10 21.44 12.54 16.37 39.51
Yb 23.58 195.20 89.47 171.00 94.84 126.00 292.40
Lu 3.62 30.58 15.81 27.99 14.13 19.77 43.19
(a) Values in parts per million (ppm) unless otherwise noted.
Table B.1. Continued.
Neoblastic Titanite
208
CC08-06-F2-1 CC08-06-F6-1 CC08-06-G6-1 CC08-06-A3-l1a CC08-06-A3-l1b CC08-06-A8-l1 CC0803-12
Ca (Wt.%) 26.33 25.05 24.49 24.28 24.95 24.32 ---
Cs 0.19 0.14 0.14 0.76 0.82 0.98 ---
Rb 0.30 0.32 0.47 1.93 2.40 2.20 ---
Ba 0.21 0.27 0.33 0.77 0.80 0.42 ---
Th 2.32 1.03 1.89 1.82 1.58 2.93 23.19
K --- --- --- --- --- --- ---
U 1.13 5.59 18.41 56.17 66.59 25.68 536.92
Ta 28.30 2.85 8.47 86.19 14.85 10.19 4.13
Nb 1193.00 157.60 275.40 712.80 464.00 344.50 129.79
La 0.63 9.12 20.61 34.01 36.30 20.68 495.11
Ce 3.28 40.02 84.96 187.60 207.80 101.20 1447.81
Pb --- --- --- --- --- --- ---
Pr 0.54 6.87 14.67 43.86 45.23 17.88 325.19
Sr 11.09 8.50 7.43 8.84 8.64 8.03 ---
P --- --- --- --- --- --- ---
Nd 2.57 40.38 88.68 273.70 318.80 98.37 2145.20
Sm 1.07 17.75 41.17 127.10 154.20 53.54 1060.23
Zr 149.40 103.10 76.59 555.60 74.41 40.79 753.99
Hf 5.56 3.98 4.24 41.66 3.30 2.70 38.36
Eu 5.89 62.61 96.01 272.00 301.60 155.80 253.09
Ti 190000.00 180900.00 176600.00 169900.00 173800.00 174000.00 234538.46
Gd 2.64 27.48 67.65 158.60 199.10 101.10 1670.88
Tb 0.61 5.48 14.20 34.16 44.44 26.42 392.83
Dy 6.27 41.48 110.80 257.50 327.90 246.10 2911.05
Y 60.89 300.10 881.00 1990.00 2628.00 2195.00 26129.82
Ho 1.82 10.43 27.74 61.58 81.27 65.74 710.02
Er 7.75 32.19 93.30 200.30 254.50 229.70 2288.24
Tm 1.52 5.22 15.99 34.32 45.26 39.97 355.51
Yb 14.41 40.45 129.50 268.20 362.80 323.00 2815.59
Lu 2.44 6.98 21.89 44.64 50.73 51.81 396.51
(a) Values in parts per million (ppm) unless otherwise noted.
Table B.1. Continued.
Neoblastic Titanite
209
CC0803-13 CC0803-11 CC0803-14
Ca (Wt.%) --- --- ---
Cs --- --- ---
Rb --- --- ---
Ba --- --- ---
Th 2185566.90 3298744.24 568071.07
K --- --- ---
U 18729.84 52348.62 7968.29
Ta --- 3.84 ---
Nb 5.17 10.83 ---
La 11841936.51 30052047.48 3219779.77
Ce 18496426.98 42911343.51 5311529.82
Pb --- --- ---
Pr 2059198.29 4556783.07 597100.83
Sr --- --- ---
P --- --- ---
Nd 8633475.13 18285787.14 2607620.31
Sm 1178250.03 2220424.20 315594.32
Zr 159.02 290.73 509.56
Hf 15.92 31.70 5.47
Eu 55426.99 102988.87 16471.90
Ti 1956.27 3262.53 4021.86
Gd 784753.79 1350711.68 204996.06
Tb 70958.72 115803.68 20902.95
Dy 263260.08 410800.55 62403.87
Y 899185.18 1461420.06 327655.94
Ho 34914.15 53479.25 8733.33
Er 56846.28 84938.95 14295.45
Tm 4423.63 6865.68 1646.74
Yb 16933.71 26071.65 6064.94
Lu 1576.98 2347.42 734.08
(a) Values in parts per million (ppm) unless otherwise noted.
Neoblastic Monazite
Table B.1. Continued.
210
CC-8-3-1 CC08-06 CC08-03
Ca (Wt.%) --- --- ---
Cs 1.41 0.40 0.08
Rb 25.33 6.65 1.55
Ba 217.19 516.00 554.00
Th 1.91 2.71 1.44
K 4548.82 9060.00 3640.00
U 0.81 0.18 0.16
Ta 0.21 0.13 0.01
Nb 2.62 2.58 0.29
La 16.13 16.05 11.36
Ce 33.66 28.70 17.03
Pb 2.10 14.16 1.13
Pr 4.07 4.20 2.28
Sr 369.35 218.10 156.60
P 161.88 500.00 140.00
Nd 16.88 16.19 7.97
Sm 3.67 2.98 1.19
Zr 110.04 201.50 76.61
Hf 3.12 4.63 2.25
Eu 1.12 1.07 0.67
Ti 1483.41 2200.00 690.00
Gd 3.25 2.69 1.01
Tb 0.51 0.34 0.10
Dy 3.12 1.92 0.45
Y 19.07 11.95 2.58
Ho 0.66 0.40 0.08
Er 1.91 1.17 0.25
Tm 0.30 0.18 0.04
Yb 2.03 1.35 0.34
Lu 0.35 0.23 0.08
(a) Values in parts per million (ppm) unless otherwise noted.
---
113.00
---
---
---
223.00
---
930.00
639.00
---
1217.52
---
798.39
2776.86
---
2918.12
---
---
---
737.79
---
---
---
10788.78
3409.90
1822.53
7505.18
---
---
---
---
---
---
---
---
---
---
---
---
---
636.00
---
393.00
---
661.00
---
855.00
---
935.00
---
---
---
---
---
---
Table B.2. Titanite Composition Modeling Data.
Whole Rock Trace Element Data
Rare Earth Element Partition 
Coefficients from           
(Bachmann et al., 2005)
Calculated Rare Earth Element 
Values Based on Partitian  
Coefficients from           
(Bachmann et al., 2005)
---
---
---
---
---
211
Ca (Wt.%)
Cs
Rb
Ba
Th
K
U
Ta
Nb
La
Ce
Pb
Pr
Sr
P
Nd
Sm
Zr
Hf
Eu
Ti
Gd
Tb
Dy
Y
Ho
Er
Tm
Yb
Lu
(a) Values in parts per million (ppm) unless otherwise noted.
---
30.32
121.50
74.80
59.11
4.84
---
---
---
---
---
---
---
---
---
---
---
---
---
---
---
---
---
---
---
---
---
---
---
---
---
---
---
---
---
---
---
---
---
Rare Earth Element Partition 
Coefficients from           
(Prowatke and Klemme, 2005)
Calculated Rare Earth Element 
Values Based on Partitian  
Coefficients from           
(Prowatke and Klemme, 2005)
1.88
---
---
---
---
---
3.61
20.40
---
---
---
---
---
---
---
---
18.20
2.38
---
---
---
Table B.2. Continued.
212
BLR_1 BLR_2 BLR_3 BLR_4 BLR_5 BLR_6 BLR_9 BLR_10 BLR_11 BLR
Ca (Wt.%) --- --- --- --- --- --- --- --- --- ---
Cs --- --- --- --- --- --- 0.13 0.10 0.11 ---
Rb 0.37 0.38 0.37 0.38 0.45 0.45 0.60 0.54 0.60 ---
Ba 4.13 4.25 4.24 4.08 4.64 5.95 4.05 4.25 4.14 ---
Th 120.50 119.30 119.40 131.70 135.60 177.30 122.20 118.10 113.90 161.78
K --- --- --- --- --- --- --- --- --- ---
U 215.40 221.30 224.70 228.40 236.10 255.00 199.60 195.60 189.00 262.09
Ta 209.50 187.10 174.10 197.20 203.00 179.00 166.70 159.10 208.70 226.16
Nb 3064.00 2982.00 2866.00 2851.00 2886.00 2597.00 2901.00 2834.00 2913.00 4026.86
La 295.60 281.90 288.40 291.50 333.40 424.60 286.40 279.00 282.50 360.32
Ce 1327.00 1284.00 1295.00 1269.00 1413.00 1813.00 1299.00 1278.00 1264.00 1499.83
Pb --- --- --- --- --- --- --- --- --- ---
Pr 241.90 231.60 228.70 232.50 251.00 295.30 223.30 219.10 217.20 279.86
Sr 50.07 48.50 50.18 49.21 53.27 55.22 44.43 43.55 43.26 ---
P --- --- --- --- --- --- --- --- --- ---
Nd 1237.00 1168.00 1157.00 1187.00 1263.00 1401.00 1138.00 1112.00 1089.00 1496.60
Sm 403.20 384.00 376.00 386.30 409.60 416.40 364.10 362.30 351.40 508.42
Zr 1136.00 1093.00 1026.00 1079.00 1092.00 971.70 1066.00 1028.00 1065.00 1624.57
Hf 46.14 44.53 41.87 46.41 48.14 43.35 41.82 40.30 45.75 59.77
Eu 70.05 67.30 67.09 67.30 70.81 70.53 63.30 61.84 60.14 81.14
Ti 165000.00 163400.00 159000.00 161100.00 164600.00 152700.00 157000.00 153900.00 153400.00 219444.92
Gd 422.40 405.40 396.90 414.90 430.20 430.00 393.20 383.80 371.60 594.17
Tb 88.72 86.08 84.13 87.80 89.63 88.49 83.31 81.54 80.06 120.07
Dy 617.30 598.50 585.40 613.70 626.50 615.40 578.50 568.40 553.90 840.01
Y 2405.00 2347.00 2288.00 2457.00 2504.00 2606.00 2459.00 2402.00 2317.00 3587.58
Ho 129.50 126.20 122.80 130.70 131.90 130.00 122.50 121.00 116.80 175.32
Er 353.00 342.40 334.10 362.00 362.50 358.60 342.40 332.10 322.80 478.95
Tm 48.15 46.29 45.32 49.61 49.04 49.16 45.62 44.88 43.55 66.52
Yb 267.00 258.30 249.20 277.00 273.20 276.80 245.60 240.30 234.10 352.62
Lu 22.11 20.88 20.68 22.96 22.44 22.68 20.37 20.60 20.01 30.72
(a) Values in parts per million (ppm) unless otherwise noted.
Table B.3. LA-ICP-MS Trace Element Data for BLR-1 Titanite Standard.
213
BLR BLR 25m BLR 25m 1 BLR 25m 2 BLR 25m 3 BLR 25m 4 BLR 25m 5 BLR 25m 6 BLR 25m 7 BLR 25m 8
Ca (Wt.%) --- --- --- --- --- --- --- --- --- ---
Cs --- --- --- --- --- --- --- --- --- ---
Rb --- --- --- --- --- --- --- --- --- ---
Ba --- --- --- --- --- --- --- --- --- ---
Th 174.74 158.59 156.04 154.39 155.33 150.43 151.04 141.89 149.00 145.49
K --- --- --- --- --- --- --- --- --- ---
U 278.05 282.45 277.28 271.32 280.83 263.50 270.95 269.75 261.08 252.55
Ta 235.29 218.80 217.19 215.09 219.96 208.80 215.85 200.16 211.70 204.34
Nb 4002.12 3645.26 3647.09 3615.35 3690.74 3634.61 3622.43 3569.18 3616.95 3537.39
La 352.88 319.30 324.43 318.04 328.55 321.77 315.80 304.22 318.69 300.15
Ce 1490.03 1449.98 1401.16 1437.71 1425.40 1395.77 1388.38 1400.77 1376.54 1347.23
Pb --- --- --- --- --- --- --- --- --- ---
Pr 275.98 266.49 261.08 262.55 255.94 252.15 249.26 252.81 244.59 246.37
Sr --- --- --- --- --- --- --- --- --- ---
P --- --- --- --- --- --- --- --- --- ---
Nd 1483.65 1375.91 1403.54 1368.29 1405.37 1338.82 1367.97 1320.32 1308.74 1308.53
Sm 494.45 465.57 460.35 466.72 468.16 435.77 451.87 433.46 440.22 428.36
Zr 1672.84 1406.36 1376.25 1386.08 1430.33 1385.55 1364.13 1339.47 1377.72 1368.25
Hf 62.85 58.12 57.09 56.01 58.55 51.72 54.54 55.26 55.94 55.27
Eu 78.08 76.34 75.72 77.35 77.84 74.70 75.93 73.71 70.45 69.56
Ti 217189.71 191385.77 193078.79 190884.21 201698.78 196535.67 192212.73 191048.75 191337.23 188565.94
Gd 586.66 542.17 533.69 517.43 522.85 509.69 503.74 486.23 505.99 491.25
Tb 120.34 111.62 111.01 105.69 109.69 102.70 106.16 101.31 105.38 101.54
Dy 838.36 748.87 767.32 728.90 758.74 729.90 736.35 687.23 723.24 711.19
Y 3711.86 3049.82 3080.87 3067.15 3119.97 3058.29 3002.82 2942.91 3023.75 3049.52
Ho 172.71 161.94 159.37 154.07 159.93 155.40 157.81 148.70 154.25 151.96
Er 486.77 452.29 444.48 433.67 440.66 431.18 431.85 409.66 421.45 413.65
Tm 65.50 62.43 59.49 58.80 62.02 57.46 56.81 56.05 59.07 54.54
Yb 351.41 326.44 319.86 310.25 326.67 316.29 316.07 299.70 301.58 293.75
Lu 30.15 27.77 26.58 27.36 26.42 26.89 26.44 24.53 25.98 25.58
(a) Values in parts per million (ppm) unless otherwise noted.
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APPENDIX C 
 
Sample Preparation and Analytical Methods; Whole Rock Trace Element Data; U-
Th-Pb Isotopic Data for Magmatic Zircon and Titanite from Intrusive Rocks of the 
Olds Ferry Arc Terrane, Salmon River Canyon, and Oxbow Complex; and Sr, Nd, 
and Pb Isotopic Data for Intrusive Rocks of the Wallowa Arc Terrane, Olds Ferry 
Arc Terrane, Salmon River Canyon, and Oxbow Complex 
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Sample Prepration and Analytical Methods 
 
U-Pb ID-TIMS Zircon Geochronology 
One to three kilogram bulk rock samples were processed at the Boise State 
University (BSU) mineral separation facility. All samples were processed using standard 
crushing, magnetic, and density separation techniques. Separated zircon were subjected 
to a modified version of the chemical abrasion method of Mattinson (2005), reflecting a 
preference to prepare and analyze carefully selected single crystals or crystal fragments. 
Zircon separates were placed in a muffle furnace at 900°C for 60 hours in quartz beakers. 
Single annealed crystals were then transferred to 3 mL Teflon PFA beakers, rinsed twice 
with 3.5 M HNO3, and loaded into 300 µL Teflon PFA microcapsules. Fifteen 
microcapsules were placed in a large-capacity Parr vessel, and the crystals partially 
dissolved in 120 µL of 29 M HF with a trace of 3.5 M HNO3 for 10-12 hours at 180°C. 
The contents of each microcapsule were returned to 3 mL Teflon PFA beakers, the HF 
removed, and the residual grains rinsed in ultrapure H2O, immersed in 3.5 M HNO3, 
ultrasonically cleaned for an hour, and fluxed on a hotplate at 80°C for an hour. The 
HNO3 was removed and the grains were again rinsed three times in ultrapure H2O or 3.5 
M HNO3, before being reloaded into the same 300 µL Teflon PFA microcapsules (rinsed 
and fluxed in 6 M HCl during crystal sonication and washing) and spiked with the BSU 
mixed 233U-235U-205Pb tracer solution (BSU1B). The chemically abraded grains were 
dissolved in Parr vessels in 120 µL of 29 M HF with a trace of 3.5 M HNO3 at 220°C for 
48 hours, dried to fluorides, and then re-dissolved in 6 M HCl at 180°C overnight. U and 
Pb were separated from the zircon matrix using an HCl-based anion-exchange 
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chromatographic procedure (Krogh, 1973), eluted together and dried with 2 µL of 0.05 N 
H3PO4. 
For mass spectrometry, Pb and U were loaded on a single outgassed Re filament 
in 2 µL of a silica-gel/phosphoric acid mixture (Gerstenberger and Haase, 1997). U and 
Pb isotopic measurements were made on an IsotopX Isoprobe-T multicollector thermal 
ionization mass spectrometer equipped with an ion-counting Daly detector. Pb isotopes 
were measured by peak-jumping all isotopes on the Daly detector for 100 to 150 cycles, 
and corrected for 0.18 ± 0.04%/a.m.u. mass fractionation. Transitory isobaric 
interferences due to high-molecular weight organics, particularly on 204Pb and 207Pb, 
disappeared within approximately 30 cycles, while ionization efficiency averaged 104 
cps/pg of each Pb isotope. Linearity (to ≥1.4 x 106 cps) and the associated deadtime 
correction of the Daly detector were monitored by repeated analyses of NBS982, and 
have been constant since installation. Uranium was analyzed as UO2+ ions in static 
Faraday mode on 1011 ohm resistors for 150 to 200 cycles, and corrected for isobaric 
interference of 233U18O16O on 235U16O16O with an 18O/16O of 0.00206. Ionization 
efficiency averaged 20 mV/ng of each U isotope. U mass fractionation was corrected 
using the double spike.  
U-Pb dates and uncertainties were calculated using the algorithms of Schmitz and 
Schoene (2007), and the U decay constants of Jaffey et al. (1971). 206Pb/238U ratios and 
dates were corrected for initial 230Th disequilibrium using a Th/U[magma] of 3, resulting 
in a systematic increase in the 206Pb/238U dates of ~90 kyrs. Common Pb in analyses up to 
1 pg was attributed to laboratory blank and subtracted based on the measured laboratory 
Pb isotopic composition and associated uncertainty. This simple correction is typical of 
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most analyses; occasional analyses with common Pb in excess of 1 pg were assumed to 
contain initial Pb within mineral inclusions, which was subtracted based on the model 
two-stage Pb isotope evolution of Stacey and Kramers (1975). U blanks were <0.1 pg. 
Over the course of the experiment, isotopic analyses of the TEMORA zircon standard 
yielded a weighted mean 206Pb/238U age of 417.43 ± 0.06 (n=11, MSWD = 0.8). 
Concordant U-Pb dates (considering decay constant errors) were obtained from 60 
individually analyzed zircon grains from the eight dated samples, and are illustrated on 
concordia diagrams. Each sample yields a majority cluster of equivalent single zircon 
206Pb/238U dates that we interpret as the igneous crystallization age of the zircons, and 
which approximates the solidification age of the pluton. We discard from age calculations 
the minority of grains with dates that are resolvable from the majority cluster at the 95% 
confidence interval. Relatively more common outliers with older dates are interpreted as 
antecrysts from an earlier magmatic episode or composite grains with xenocrystic cores, 
while rarer outliers with younger dates are interpreted to have severe Pb loss not 
completely mitigated by chemical abrasion. Non-systematic errors on the sample 
weighted mean ages are reported in the text and Table 1.1 as internal 2σ for those 
samples with probability of fit of >0.05 on the weighted mean date. For one sample with 
probability of fit <0.05, errors are at the 95% confidence interval, which is the internal 2s 
error expanded by the square root of the MSWD and the Student’s T multiplier of n-1 
degrees of freedom (Ludwig, 2003). These error estimates should be considered when 
comparing our 206Pb/238U dates with those from other laboratories that used the 
EARTHTIME tracer solution or one that was calibrated using EARTHTIME gravimetric 
standards. When comparing our dates with those derived from other decay schemes (e.g., 
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40Ar/39Ar, 187Re-187Os), the systematic uncertainties in tracer calibration (0.05%) and the 
238U decay constant (0.106%) should be added to the internal error in quadrature. 
 
U-Pb ID-TIMS Titanite Geochronology 
Single-grain and/or multi-grain fractions of titanite were selected from mineral 
separates and transferred to 3 mL Teflon PFA beakers, sonicated and rinsed twice with 
3.5 M HNO3, and loaded into 300 µL Teflon PFA microcapsules with a weighed aliquot 
of the Boise State University mixed 233U-235U-205Pb tracer solution, and 120 µL of 29 M 
HF with a trace of 3.5 M HNO3. Microcapsules were placed in a large-capacity Parr 
vessel, and the crystals dissolved at 220°C for 48 hours, dried to fluorides, and then re-
dissolved in 6 M HCl at 180°C overnight. U and Pb were separated from the dissolved 
matrix using a two-stage HBr- and HCl-based anion-exchange chromatographic 
procedure (Krogh, 1973) to purify Pb and U, respectively. Purified Pb and U were 
collected separately and dried with 2 µL of 0.05 N H3PO4.  
Pb and U were loaded separately on outgassed zone-refined Re center filaments in 
2 µl of a silica-gel/phosphoric acid mixture (Gerstenberger and Haase, 1997), and 
isotopic measurements made on an IsotopX Isoprobe-T multicollector thermal ionization 
mass spectrometer equipped with nine Faraday cups and an ion-counting Daly detector. 
Pb isotopes were measured by peak-jumping all isotopes on the Daly detector for 100 to 
150 cycles, and corrected for 0.18 ± 0.04%/a.m.u. mass fractionation. Transitory isobaric 
interferences due to high-molecular weight organics, particularly on 204Pb and 207Pb, 
disappeared within approximately 30 cycles, while ionization efficiency averaged >104 
cps/pg of each Pb isotope. Linearity (to ≥1.4 x 106 cps) and the associated deadtime 
 220 
correction of the Daly detector were monitored by repeated analyses of NBS982, and 
have been constant since installation. Uranium was analyzed as UO2+ ions in static mode 
on 3 Faraday cups fitted with 1011 ohm resistors for 150 to 200 cycles, and corrected for 
isobaric interference of 233U18O16O on 235U16O16O with an 18O/16O of 0.00206. Ionization 
efficiency averaged >30 mV/ng of each U isotope. U mass fractionation was corrected 
using the known 233U/235U ratio of the tracer solution.  
U-Pb isotope ratios, dates, and uncertainties for each analysis (Tables C.1, C.2, 
and C.3) were calculated using the algorithms of Schmitz and Schoene (2007) and the U 
decay constants of Jaffey et al. (1971). Uncertainties are based upon non-systematic 
analytical errors, including counting statistics, instrumental fractionation, tracer 
subtraction, and blank subtraction. Up to 0.5 pg of common Pb in analyses were 
attributed to laboratory blank and subtracted based on the measured laboratory Pb 
isotopic composition and associated dispersion; U blanks are <0.1 pg. Sample isotope 
ratios and isochron calculations utilized these blank, tracer, and fractionation corrected 
ratios. For the calculation of radiogenic isotope ratios and ages, excess common Pb (over 
blank) was subtracted using an early Triassic model Pb composition from Stacey and 
Kramers (1975). Radiogenic 206Pb/238U ratios and dates were also corrected for initial 
230Th disequilibrium using a Th/U[fluid] of 3. 
Non-systematic errors on the sample isotope ratios and dates are reported as 
internal 2σ. These error estimates should be considered when comparing our isochron 
and 206Pb/238U dates with those from other laboratories that used tracer solutions 
calibrated against the EARTHTIME gravimetric standards. When comparing our dates 
with those derived from other decay schemes (e.g., 40Ar/39Ar, 187Re-187Os), the 
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uncertainties in tracer calibration and 238U decay constant (Jaffey et al., 1971) should be 
added to the internal error in quadrature. This total systematic error is ± 0.25 Ma for the 
crystallization ages of the samples reported herein. 
 
Sr, Nd, and Pb Isotopic Analysis 
For Sr isotopic analysis, 50 to 100 mg of powder were dissolved with 3 mL 29M 
HF + 1 mL 15M HNO3 in Savillex PFA beakers at 150°C for 60 hours, dried and 
redissolved in 5 mL 6M HCl at 150°C for 16 hours. A 10% aliquot of the solution was 
spiked with 87Rb and 84Sr tracers, fluxed overnight, dried and redissolved in 5 mL 1M 
HCl + 0.1M HF at 150°C overnight. Rb and Sr were separated by standard cation 
exchange chemistry (by elution in 2.5M HCl on 6mm i.d. x 20cm columns of AG-50W-
X8 resin, H+ form, 200-400 mesh). The Rb fraction was further purified by either a) ion 
exchange in 0.6M HCl on 6mm i.d. x 10cm columns of AG-50W-X8 resin (H+ form, 
200-400 mesh), or b) treatment with 29M HF to precipitate residual alkaline earths and 
extraction in ultrapure water for mass spectrometry. Rb and Sr were loaded in 0.1N 
H3PO4 along with a tantalum oxide emitter solution (R. Creaser, pers. comm.) on single 
degassed Re filaments, and their isotope ratios measured on the IsotopX Isoprobe-T in 
the Boise State University Isotope Geology Laboratory. The 87Rb/85Rb ratio was 
measured in static Faraday mode; a mass bias correction was estimated by external 
analysis of natural Rb standards. Sr isotope ratios were analyzed in dynamic mode, 
fractionation corrected with an exponential law relative to 86Sr/88Sr = 0.1194, and are 
reported as spike-stripped and bias corrected relative to the accepted value of the NBS-
987 standard (0.710248). The quoted uncertainty for each analysis is the internal standard 
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error; the external reproducibility of the NBS-987 standard over the course of the study 
was 0.710251 ± 3 (1σ); uncertainty in [Rb], [Sr], and 87Rb/86Sr are estimated at ≤ 0.2% 
(1σ). Initial 87Sr/86Sr is calculated assuming an 87Rb decay constant of 1.42x10-11 y-1. 
For Nd isotopic analysis, 50 to 100 mg of sample powder were spiked with a 
mixed 149Sm-150Nd tracer, dissolved with 5 mL 29M HF + 15M HNO3  (3:1) in Parr 
pressure vessels at 200°C for 72 hours, dried and redissolved in 5 mL 6M HCl at 120°C 
for 24 hours.  Total dissolutions were dried and redissolved in 5 mL 1M HCl + 0.1M HF 
at 120°C overnight.  Bulk rare earth elements were separated by standard dilute HCl and 
HNO3 based cation exchange chemistry on 6mm i.d. x 20cm columns of AG-50W-X8 
resin, H+ form, 200-400 mesh; Sm and Nd were separated by reverse phase HDEHP 
chromatography on 4mm i.d. x 10cm columns of Eichrom Ln-spec resin, 50-100 mesh.   
Sm and Nd isotopes were measured on an IsotopX Isoprobe-T in static and dynamic 
Faraday modes, respectively.  Instrumental mass fractionation of Sm and Nd isotopes was 
corrected with an exponential law relative to 146Nd/144Nd = 0.7219 and 152Sm/147Sm = 
1.783.  143Nd/144Nd ratio is reported as spike-stripped and bias-corrected relative to the 
accepted value of JNdi-1 standard (0.512110).  The quoted uncertainty for each analysis 
is the internal standard error; the external reproducibility of the JNdi-1 standard over the 
course of the study was 0.512102 ±  3 (2σ); uncertainty in [Sm], [Nd] and 147Sm/144Nd 
are estimated at ≤ 0.2% (2s).  Present-day εNd(0) and tCHUR (Ga) calculated with 
(147Sm/144Nd)CHUR = 0.1967 and (143Nd/144Nd)CHUR = 0.512638; εNd(2.6) calculated 
at age of crystallization; tDM (Ga) calculated with (143Nd/144Nd)DM = 0.513151, 
(147Sm/144Nd)DM = 0.2137. 
 223 
For Pb isotopic analysis, ~ 200 mg of separated feldspar were sequentially 
leached using the method of Housh and Bowring (1991). Feldspar separates were 
transferred to 15 mL Savillex beaker in ethanol and rinsed three times with 1 ml MQH2O. 
Feldspar separates were fluxed in 1 mL 3.5M HNO3 for 30 minutes on a 120°C hot plate, 
and then rinsed three times with 0.5 mL MQH2O. Feldspar separates were then fluxed in 
1 mL 6M HCl for 30 minutes on a 120°C hot plate, and then rinsed three times with 0.5 
mL MQH2O. Feldspar separates were then sequentially dissolved in 1 mL 1M HF + 0.1 
mL 16M HNO3 for 15 to 30 minutes on a 120°C hotplate. After each leaching step, acid 
was pipetted out and transferred to a clean 5 mL Savillex beaker, and rinsed three times 
with 0.5 mL MQH2O. Each MQH2O rinse was combined with the retrieved leachate. This 
step was repeated up to five or six times depending on the size of the remaining sample 
after each leaching step. Pb was separated by anion exchange in dilute HBr medium 
using AG1-X8, 200-400 mesh Eichron resin in 100 µL columns. Pb samples were loaded 
on outgassed Re center filaments in 2 µl of a silica-gel/phosphoric acid mixture 
(Gerstenberger and Haase, 1997), and isotopic measurements made on an IsotopX 
Isoprobe-T multicollector thermal ionization mass spectrometer equipped with nine 
Faraday cups and an ion-counting Daly detector. 
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HT04-04 HT07-01 HT07-02 HT07-03 HT07-04 HT07-06 WB07-01 WB07-02
Ni 2.54 1.801 15.74 91.79 26.45 1.355 34.16 1.712
Cr 6.27 3.829 34.57 204.7 24.21 2.127 60.82 2.148
Cs 0.65 0.10 0.50 0.97 4.90 0.29 15.04 1.75
Rb 18.88 0.84 32.73 16.01 50.15 3.74 17.14 60.74
Ba 369.60 59.48 247.40 498.30 1208.00 68.28 329.10 639.40
Th 1.07 0.41 0.77 1.84 0.02 0.56 2.26 1.43
K 14190.00 1050.00 15900.00 10710.00 29130.00 2760.00 8450.00 20810.00
U 0.81 0.34 0.65 0.76 0.01 0.48 0.74 0.74
Ta 0.11 0.06 0.07 0.29 0.00 0.07 0.63 0.18
Nb 1.67 0.94 1.14 5.53 0.03 1.08 12.07 3.11
La 4.46 3.85 4.93 12.18 0.18 3.70 15.83 8.18
Ce 12.15 10.28 13.86 26.83 0.55 11.33 35.51 18.77
Pb 4.79 1.78 5.05 4.52 3.11 1.29 3.73 24.54
Pr 2.28 1.71 2.31 3.58 0.12 1.77 4.97 2.79
Sr 140.40 149.30 303.10 378.40 183.90 114.90 347.70 124.80
P 570.00 860.00 820.00 1530.00 270.00 460.00 1630.00 680.00
Nd 11.89 9.01 11.87 15.32 0.74 8.81 22.09 12.78
Sm 4.24 3.13 4.25 3.82 0.37 2.81 6.14 3.67
Zr 116.50 55.16 105.10 108.40 2.56 113.70 183.20 115.20
Hf 3.65 1.65 3.24 2.23 0.11 3.32 4.29 2.93
Eu 0.94 1.05 1.16 1.26 0.31 0.65 1.85 1.16
Ti 3830.00 4030.00 5890.00 7370.00 5530.00 1900.00 13230.00 3640.00
Gd 5.24 3.72 5.40 4.00 0.60 3.36 6.67 4.18
Tb 0.98 0.67 1.01 0.61 0.10 0.64 1.10 0.74
Dy 6.83 4.57 7.04 3.83 0.71 4.46 6.96 4.87
Y 45.49 29.35 47.74 23.56 3.97 30.24 40.81 32.61
Ho 1.56 1.02 1.61 0.82 0.15 1.02 1.47 1.09
Er 4.51 2.89 4.66 2.27 0.43 3.01 3.95 3.16
Tm 0.71 0.45 0.73 0.34 0.06 0.48 0.58 0.49
Yb 4.78 3.00 4.97 2.23 0.39 3.30 3.79 3.38
Lu 0.66 0.42 0.69 0.31 0.07 0.48 0.50 0.46
(a) Values in parts per million (ppm)
UTM Zone 11
Easting 481388 481141 481383 481383 480242 480242 471579 471470
Northing 4916429 4915702 4914163 4914163 4911636 4911636 4907739 4907392
Olds Ferry Arc Terrane
Huntington Area
Table C.4. Trace Element Data for Intrusive Rocks from the Olds 
Ferry Arc Terrane, Oxbow Complex, and Salmon River Canyon.
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DC07-06 DC08-01 DC08-07 DC08-14 RC07-02 RC07-03 RC07-04 RC07-05 RC07-06 CUD09-01
Ni 6.475 11.02 1.557 10.14 4.335 1.929 2.612 1.34 18.75 4.404
Cr 10.98 51.29 2.379 51.09 5.693 3.394 3.076 2.845 35.71 9.035
Cs 4.01 1.97 2.68 2.06 0.13 0.38 0.35 0.64 0.51 8.55
Rb 54.03 34.31 15.82 30.55 2.99 3.33 4.02 8.90 11.94 98.08
Ba 982.70 796.40 493.10 763.90 208.00 382.10 679.60 668.00 254.70 2407.00
Th 7.61 3.14 2.71 2.79 0.96 0.42 1.03 2.64 0.43 4.15
K 18330.00 --- --- --- 2180.00 6150.00 7980.00 10330.00 4980.00 ---
U 2.59 1.93 1.01 1.86 0.42 0.12 0.28 0.46 0.24 1.49
Ta 0.30 0.23 0.11 0.22 0.12 0.10 0.11 0.15 0.04 0.23
Nb 3.26 4.84 1.61 4.70 2.23 1.96 1.60 1.90 0.61 3.25
La 13.54 11.58 8.13 9.89 7.03 6.74 6.46 6.87 2.81 13.16
Ce 27.28 23.97 16.00 20.32 14.75 10.26 9.11 10.92 6.66 27.01
Pb 5.29 16.77 3.03 17.22 1.24 1.23 2.20 2.28 2.08 3.06
Pr 3.59 2.79 1.85 2.42 2.38 2.17 1.93 2.29 1.03 3.33
Sr 233.40 940.90 152.20 906.20 320.70 255.40 241.70 110.80 224.00 991.80
P 660.00 --- --- --- 810.00 1110.00 600.00 470.00 480.00 ---
Nd 13.83 10.79 7.24 9.56 11.42 9.97 8.72 9.92 5.10 13.49
Sm 3.27 2.14 1.60 1.90 3.59 2.77 2.50 2.92 1.69 3.02
Zr 94.86 91.19 87.79 86.49 89.37 66.93 107.10 145.30 27.64 106.80
Hf 2.63 2.49 2.56 2.33 2.13 1.62 2.86 3.93 0.87 3.09
Eu 0.90 0.63 0.50 0.60 1.22 0.91 0.96 0.72 0.67 0.93
Ti 3340.00 2274.00 1650.00 2141.00 6010.00 4160.00 3560.00 2040.00 5340.00 2971.00
Gd 3.39 2.03 1.76 1.86 4.20 3.11 2.93 3.30 2.11 3.32
Tb 0.53 0.31 0.31 0.29 0.73 0.53 0.52 0.58 0.38 0.55
Dy 3.39 1.87 2.05 1.77 4.87 3.47 3.56 3.98 2.61 3.41
Y 22.88 11.97 14.07 11.64 31.04 22.22 23.72 27.66 16.91 22.11
Ho 0.74 0.41 0.47 0.39 1.09 0.77 0.80 0.90 0.59 0.74
Er 2.14 1.23 1.49 1.20 3.06 2.24 2.34 2.66 1.68 2.24
Tm 0.34 0.21 0.26 0.20 0.46 0.34 0.38 0.43 0.26 0.37
Yb 2.32 1.35 1.80 1.31 3.01 2.24 2.59 3.01 1.77 2.48
Lu 0.34 0.21 0.30 0.21 0.41 0.32 0.38 0.43 0.25 0.39
(a) Values in parts per million (ppm)
UTM Zone 11
Easting 496274 493444 498298 493493 524364 524344 524489 524044 524089 510294
Northing 4933762 4933920 4931232 4934591 4949956 4949793 4949590 4948775 4948626 4954192
Olds Ferry Arc Terrane
Mineral-Iron Mountain District Rush Creek Canyon
Table C.4. Continued.
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OX08-01 OX08-02 OX08-03 OX08-04 OX08-06 OX08-08 OX08-09 OX08-10 OX08-11 OX08-14
Ni --- 2.282 30.4 104.4 22.29 1.037 9.832 1.634 7.402 30.51
Cr --- 4.215 28.99 237 64.18 1.557 12.97 0.924 2.478 141.5
Cs 0.02 0.08 0.06 0.07 0.34 0.04 0.23 0.03 0.17 0.20
Rb 1.02 6.21 16.40 6.20 38.70 11.34 8.17 1.35 7.22 32.07
Ba 28.23 246.10 253.40 132.20 150.90 277.50 156.20 93.99 119.80 314.70
Th 1.68 1.93 1.36 0.32 0.19 2.45 0.48 0.46 0.42 0.59
K 700.00 --- --- --- --- --- --- --- --- ---
U 0.64 0.84 0.84 0.13 0.18 1.09 0.26 0.25 0.37 0.30
Ta 0.51 0.33 0.23 0.14 0.07 0.47 0.12 0.13 0.12 0.09
Nb 7.22 5.23 3.61 2.32 1.32 5.19 2.15 2.17 2.15 1.62
La 9.73 8.46 9.70 4.06 3.08 10.96 5.40 2.32 5.67 3.55
Ce 17.88 22.58 25.57 10.85 8.74 23.87 14.86 8.42 15.50 8.80
Pb 0.68 0.94 1.42 2.00 2.92 0.90 0.39 0.31 0.25 0.53
Pr 3.23 3.14 3.93 1.73 1.50 3.12 2.40 1.27 2.48 1.33
Sr 28.90 109.80 144.20 126.90 279.90 93.35 248.10 196.20 242.00 140.90
P 210.00 --- --- --- --- --- --- --- --- ---
Nd 13.50 14.41 19.69 8.82 8.34 12.09 12.74 7.75 13.24 6.60
Sm 3.24 3.89 5.89 2.71 3.07 2.61 3.99 2.98 4.15 2.08
Zr 207.50 230.00 161.20 58.49 56.43 132.30 72.27 100.70 78.22 48.76
Hf 5.22 5.93 4.42 1.52 1.71 3.68 2.17 3.10 2.40 1.43
Eu 0.81 0.96 1.70 0.92 1.08 0.63 1.33 1.14 1.42 0.68
Ti 1360.00 2679.00 12590.00 7224.00 6878.00 1534.00 8813.00 3988.00 7589.00 5105.00
Gd 3.32 4.40 7.09 3.19 3.96 2.68 4.68 3.80 5.02 2.62
Tb 0.59 0.81 1.27 0.56 0.74 0.47 0.85 0.71 0.91 0.49
Dy 4.00 5.28 8.20 3.52 4.84 3.00 5.37 4.65 5.80 3.17
Y 26.08 34.70 49.64 20.49 28.52 21.07 31.67 29.55 34.58 19.53
Ho 0.91 1.16 1.74 0.73 1.03 0.67 1.13 1.03 1.22 0.70
Er 2.73 3.58 5.06 2.11 2.98 2.13 3.26 3.10 3.56 2.07
Tm 0.43 0.58 0.78 0.32 0.45 0.37 0.50 0.48 0.55 0.32
Yb 3.12 3.85 5.04 1.95 2.91 2.57 3.19 3.20 3.52 2.06
Lu 0.41 0.59 0.76 0.29 0.44 0.42 0.48 0.51 0.54 0.33
(a) Values in parts per million (ppm)
UTM Zone 11
Easting 513509 513542 513552 513508 513829 510899 512453 512438 512426 514290
Northing 4981170 4981335 4981205 4981061 4980897 4969339 4977396 4977359 4977283 4982077
Oxbow Complex
Table C.4. Continued.
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SAL09-01 SAL09-02 SAL09-03
Ni 0.946 58.45 0.365
Cr 1.509 85.79 -0.067
Cs 0.11 0.14 0.45
Rb 6.19 10.88 28.65
Ba 232.60 137.10 386.20
Th 1.66 0.34 2.09
K --- --- ---
U 0.86 0.18 0.81
Ta 0.29 0.07 0.52
Nb 3.93 1.10 6.83
La 11.01 3.82 11.90
Ce 22.87 10.21 30.22
Pb 0.60 0.72 0.97
Pr 3.31 1.60 4.17
Sr 111.40 355.90 118.40
P --- --- ---
Nd 13.67 8.09 18.44
Sm 3.00 2.27 4.54
Zr 135.20 42.99 148.80
Hf 3.47 1.23 3.88
Eu 0.85 0.83 1.33
Ti 1579.00 4882.00 5629.00
Gd 3.13 2.54 4.72
Tb 0.53 0.44 0.80
Dy 3.36 2.73 4.97
Y 22.91 15.63 29.70
Ho 0.75 0.57 1.04
Er 2.35 1.62 3.12
Tm 0.39 0.24 0.50
Yb 2.70 1.57 3.33
Lu 0.44 0.23 0.51
(a) Values in parts per million (ppm)
UTM Zone 11
Easting 556291 556291 555871
Northing 5051106 5051106 5051435
Table C.4. Continued.
Salmon River Canyon
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Sample Rb (ppm) Sr (ppm) Rb/Sr 87Rb/86Sr ± 87Sr/86Sr ± 87Sr/86Sr
± 2s [abs] (Measured) ± 2s [abs] (Initial)
Wallowa Arc Terrane, Cougar Creek Complex
CC631 5.90 262.76 0.0225 0.0650 0.0001 0.703137 0.000009 0.702919
CC641 21.71 479.79 0.0452 0.1309 0.0001 0.703289 0.000015 0.702851
CC682 2.46 375.99 0.0066 0.0190 0.0000 0.703056 0.000012 0.702993
CC7171 1.98 351.40 0.0056 0.0163 0.0000 0.703124 0.000012 0.703070
CC831 27.89 395.72 0.0705 0.2040 0.0002 0.703316 0.000013 0.702634
CC632 1.70 207.63 0.0082 0.0236 0.0000 0.702910 0.000011 0.702831
CC6161 1.32 524.74 0.0025 0.0193 0.0000 0.703200 0.000010 0.703135
CC6161 (b) 0.24 568.72 0.0004 0.0012 0.0000 0.703225 0.000009 0.703221
CC7112 4.57 215.99 0.0211 0.0612 0.0001 0.703081 0.000010 0.702876
CC0702 3.34 378.46 0.0088 0.0255 0.0000 0.703118 0.000018 0.703033
CC0704 6.23 282.24 0.0221 0.0639 0.0001 0.703379 0.000025 0.703165
CC08-01 44.86 180.47 0.2486 0.7191 0.0007 0.705337 0.000014 0.702933
CC08-03 5.80 248.34 0.0233 0.0675 0.0001 0.703414 0.000013 0.703188
CC08-04 4.67 373.52 0.0125 0.0362 0.0000 0.703243 0.000018 0.703123
CC08-05 3.30 421.52 0.0078 0.0226 0.0000 0.703121 0.000013 0.703046
CC08-06 19.73 229.13 0.0861 0.2491 0.0002 0.703910 0.000013 0.703077
Salmon River Canyon
SAL09-01 13.71 149.26 0.0919 0.2658 0.0003 0.704192 0.000007 0.703303
SAL09-02 11.20 365.05 0.0307 0.0888 0.0001 0.703282 0.000008 0.702985
SAL09-03 37.67 140.08 0.2689 0.7781 0.0008 0.705579 0.000007 0.702978
Oxbow Complex
OX08-01 2.22 38.75 0.0572 0.1652 0.0002 0.704559 0.000012 0.704006
OX08-02 13.79 155.75 0.0885 0.2560 0.0003 0.704196 0.000024 0.703340
OX08-03 16.72 182.90 0.0914 0.2644 0.0003 0.704026 0.000012 0.703142
OX08-04 6.40 128.03 0.0500 0.1447 0.0001 0.703905 0.000007 0.703421
OX08-06 39.42 279.25 0.1412 0.4084 0.0004 0.705030 0.000012 0.703666
OX08-08 18.17 120.30 0.1510 0.4367 0.0004 0.704917 0.000013 0.703457
OX08-09 9.11 226.50 0.0402 0.1164 0.0001 0.703456 0.000010 0.703067
OX08-10 1.38 201.96 0.0068 0.0198 0.0000 0.703326 0.000011 0.703259
OX08-11 7.26 238.79 0.0304 0.0879 0.0001 0.703642 0.000013 0.703348
OX08-14 32.57 138.75 0.2347 0.6791 0.0007 0.704955 0.000008 0.702685
Olds Ferry Arc Terrane
HT04-04 15.57 92.20 0.1689 0.4888 0.0005 0.705338 0.000022 0.703704
DC07-06 53.87 204.84 0.2630 0.7609 0.0008 0.706354 0.000014 0.703810
HT07-01 0.77 132.05 0.0058 0.0168 0.0000 0.704022 0.000013 0.703966
HT07-02 18.96 172.66 0.1098 0.3177 0.0003 0.705065 0.000017 0.704003
HT07-03 11.84 280.87 0.0421 0.1220 0.0001 0.703936 0.000014 0.703529
RC07-02 2.38 294.27 0.0081 0.0234 0.0000 0.703392 0.000013 0.703313
RC07-03 21.86 317.40 0.0689 0.1992 0.0002 0.704166 0.000014 0.703500
RC07-04 15.99 213.16 0.0750 0.2170 0.0002 0.704225 0.000016 0.703500
RC07-05 30.21 156.39 0.1932 0.5587 0.0006 0.705214 0.000016 0.703346
RC07-06 10.92 214.37 0.0509 0.1474 0.0001 0.704019 0.000015 0.703526
HT07-04 32.00 100.89 0.3172 0.9172 0.0009 0.706572 0.000011 0.703506
HT07-06 2.76 91.84 0.0301 0.0869 0.0001 0.705339 0.000028 0.705049
WB07-01 14.87 316.55 0.0470 0.1359 0.0001 0.704282 0.000036 0.703828
WB07-02 61.64 129.58 0.4757 1.3756 0.0014 0.707715 0.000016 0.703117
DC08-07 24.67 182.77 0.1350 0.3905 0.0004 0.705441 0.000007 0.704136
CUD09-01 91.13 1047.01 0.0870 0.2519 0.0003 0.705382 0.000007 0.704541
Table C.5. Sr, Nd, and Pb Isotopic Data for Intrusive Rocks from the 
Wallowa Arc Terrane, Olds Ferry Arc Terrane, Oxbow Complex, 
and Salmon River Canyon.
236
Table C.5. Continued.
Sample Sm (ppm) Nd (ppm) 147Sm/144Nd ± 143Nd/144Nd ± 143Nd/144Nd εNd
± 2s [abs] (Measured) ± 2s [abs] (Initial) (Initial)
Wallowa Arc Terrane, Cougar Creek Complex
CC631 2.83 10.12 0.1688 0.0003 0.512992 0.000006 0.512733 7.75
CC641 1.50 9.47 0.0959 0.0002 0.512857 0.000004 0.512709 7.30
CC682 2.40 7.75 0.1869 0.0004 0.513009 0.000005 0.512722 7.54
CC7171 2.20 6.70 0.1986 0.0004 0.513033 0.000008 0.512728 7.66
CC831 4.19 21.19 0.1196 0.0002 0.512937 0.000003 0.512753 8.15
CC632 2.58 11.46 0.1361 0.0003 0.513033 0.000003 0.512824 9.53
CC6161 3.39 15.62 0.1310 0.0003 0.512882 0.000004 0.512681 6.74
CC6161 (b) 3.42 15.69 0.1317 0.0003 0.512884 0.000003 0.512682 6.76
CC7112 2.94 10.52 0.1691 0.0003 0.512982 0.000003 0.512722 7.54
CC0702 1.84 5.80 0.1917 0.0004 0.513017 0.000003 0.512722 7.55
CC0704 2.87 11.26 0.1542 0.0003 0.512947 0.000006 0.512710 7.31
CC08-01 4.27 22.93 0.1125 0.0002 0.512897 0.000003 0.512724 7.58
CC08-03 1.43 10.32 0.0837 0.0002 0.512843 0.000003 0.512715 7.40
CC08-04 2.77 8.14 0.2058 0.0004 0.513045 0.000003 0.512728 7.67
CC08-05 3.57 11.90 0.1815 0.0004 0.513009 0.000003 0.512730 7.69
CC08-06 2.42 13.54 0.1082 0.0002 0.512877 0.000003 0.512710 7.31
Salmon River Canyon
SAL09-01 4.03 19.15 0.1273 0.0003 0.512909 0.000004 0.512714 7.38
SAL09-02 2.18 7.08 0.1858 0.0004 0.513025 0.000004 0.512740 7.89
SAL09-03 5.14 21.14 0.1470 0.0003 0.512937 0.000004 0.512711 7.33
Oxbow Complex
OX08-01 4.90 20.41 0.1452 0.0003 0.512926 0.000004 0.512703 7.17
OX08-02 5.38 20.28 0.1605 0.0003 0.512942 0.000003 0.512695 7.01
OX08-03 54.96 181.74 0.1828 0.0004 0.513043 0.000006 0.512762 8.32
OX08-04 2.77 9.13 0.1835 0.0004 0.512974 0.000004 0.512691 6.95
OX08-06 28.12 75.59 0.2249 0.0004 0.513089 0.000003 0.512743 7.95
OX08-08 28.48 130.99 0.1314 0.0003 0.512896 0.000003 0.512694 6.99
OX08-09 38.70 125.20 0.1868 0.0004 0.513010 0.000005 0.512723 7.57
OX08-10 28.35 83.57 0.2051 0.0004 0.513067 0.000013 0.512752 8.12
OX08-11 33.61 117.37 0.1731 0.0003 0.513040 0.000003 0.512774 8.55
OX08-14 2.11 6.53 0.1956 0.0004 0.513003 0.000005 0.512702 7.16
Olds Ferry Arc Terrane
HT04-04 3.71 10.82 0.2073 0.0004 0.513021 0.000004 0.512702 7.15
DC07-06 2.91 12.74 0.1380 0.0003 0.512652 0.000004 0.512440 2.04
HT07-01 2.97 8.91 0.2014 0.0004 0.512996 0.000003 0.512687 6.86
HT07-02 2.66 7.70 0.2086 0.0004 0.513016 0.000008 0.512695 7.01
HT07-03 3.17 13.14 0.1458 0.0003 0.512880 0.000003 0.512656 6.25
RC07-02 3.32 11.15 0.1802 0.0004 0.513005 0.000003 0.512727 7.65
RC07-03 3.01 11.56 0.1574 0.0003 0.512963 0.000004 0.512721 7.53
RC07-04 1.99 7.29 0.1653 0.0003 0.512969 0.000008 0.512715 7.41
RC07-05 3.07 11.23 0.1654 0.0003 0.512975 0.000004 0.512720 7.51
RC07-06 1.65 5.09 0.1955 0.0004 0.513025 0.000010 0.512724 7.59
HT07-04 0.27 0.57 0.2889 0.0006 0.513116 0.000009 0.512671 6.56
HT07-06 2.37 7.76 0.1846 0.0004 0.513001 0.000005 0.512717 7.44
WB07-01 5.66 21.20 0.1613 0.0003 0.512862 0.000005 0.512614 5.43
WB07-02 3.81 13.39 0.1718 0.0003 0.512951 0.000004 0.512687 6.86
DC08-07 1.84 8.69 0.1277 0.0003 0.512882 0.000005 0.512685 6.83
CUD09-01 3.21 14.13 0.1371 0.0003 0.512738 0.000003 0.512527 3.74
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Table C.5. Continued.
Sample 208Pb/204Pb ± 207Pb/204Pb ± 206Pb/204Pb ± 208Pb/206Pb ± 207Pb/206Pb ±
± 2s [abs] ± 2s [abs] ± 2s [abs] ± 2s [abs] ± 2s [abs]
Wallowa Arc Terrane, Cougar Creek Complex
CC7171 37.9172 0.0047 15.5400 0.0019 18.4442 0.0023 2.0558 0.0000 0.8426 0.0000
CC831 37.6325 0.0024 15.5128 0.0010 18.3399 0.0012 2.0519 0.0000 0.8458 0.0000
CC0702 37.8152 0.0050 15.5339 0.0019 18.4742 0.0022 2.0469 0.0001 0.8409 0.0000
CC0704 37.9063 0.0029 15.5396 0.0011 18.4308 0.0014 2.0567 0.0000 0.8431 0.0000
CC08-01 37.6659 0.0041 15.5378 0.0013 18.7284 0.0011 2.0111 0.0001 0.8296 0.0000
CC08-05 37.6465 0.0021 15.5113 0.0007 18.2217 0.0006 2.0661 0.0001 0.8513 0.0000
CC08-06 37.6263 0.0011 15.5065 0.0004 18.2126 0.0005 2.0660 0.0000 0.8514 0.0000
CC7272 38.0594 0.0097 15.5670 0.0038 18.6458 0.0046 2.0411 0.0001 0.8349 0.0000
CC7112 37.7516 0.0039 15.5222 0.0015 18.3230 0.0015 2.0604 0.0001 0.8472 0.0000
Salmon River canyon
SAL09-01 38.1876 0.0031 15.5921 0.0011 19.8368 0.0013 1.9251 0.0001 0.7860 0.0000
SAL09-03 38.2049 0.0206 15.5533 0.0083 19.1773 0.0103 1.9922 0.0001 0.8110 0.0000
Oxbow Complex
OX08-02 38.1682 0.0092 15.5799 0.0036 18.8231 0.0041 2.0276 0.0002 0.8277 0.0001
OX08-08 38.0409 0.0057 15.5380 0.0023 18.7249 0.0027 2.0316 0.0001 0.8298 0.0000
OX08-11 38.2926 0.0072 15.5922 0.0029 19.3242 0.0035 1.9815 0.0001 0.8069 0.0001
OX08-15 37.9116 0.0229 15.5495 0.0082 18.4699 0.0094 2.0528 0.0005 0.8419 0.0002
Olds Ferry arc terrane
HT04-04 38.2825 0.0011 15.5875 0.0004 18.7092 0.0005 2.0462 0.0000 0.8332 0.0000
DC07-06 38.5220 0.0057 15.6261 0.0023 18.6448 0.0019 2.0662 0.0001 0.8381 0.0000
HT07-02 38.3210 0.0076 15.5827 0.0031 18.7053 0.0037 2.0488 0.0001 0.8331 0.0000
RC07-03 38.2385 0.0014 15.5744 0.0005 18.5459 0.0005 2.0619 0.0000 0.8398 0.0000
RC07-04 38.4272 0.0216 15.5952 0.0067 18.5116 0.0079 2.0759 0.0007 0.8426 0.0001
RC07-05 38.2329 0.0021 15.5790 0.0007 18.5556 0.0007 2.0604 0.0000 0.8396 0.0000
RC07-06 38.2309 0.0037 15.5793 0.0014 18.5401 0.0016 2.0621 0.0001 0.8403 0.0000
WB07-02 38.4024 0.0015 15.5975 0.0005 18.7858 0.0006 2.0442 0.0000 0.8303 0.0000
DC08-07 38.3985 0.0057 15.6156 0.0023 18.6921 0.0027 2.0542 0.0000 0.8354 0.0000
CUD09-01 38.4714 0.0093 15.6227 0.0036 18.8047 0.0040 2.0459 0.0002 0.8308 0.0000
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Component
Parent Trace 
Element
Daughter 
Trace Element
Isotopic P/D 
Ratio
Isotopic Ratio 
(Measured)
Isotopic Ratio 
(Initial)
Mean Value 
(Initial)
(ppm) (ppm)
147Sm 143Nd 143Nd
Nd Sm Nd 144Nd 144Nd εNd (I) 144Nd εNd (I)
DMM 0.713 0.2387 0.513110 7.95 0.512743
EMI (high) 0.1900 0.512360 -5.22 0.512068 -5.09
EMI (low) 0.1810 0.512360 -4.95 0.512082
EMII 0.347 0.6 0.1920 0.512500 -2.55 0.512205
HIMU (high) 0.2240 0.512900 4.29 0.512555 4.52
HIMU (low) 0.2090 0.512900 4.74 0.512579
Triassic Seawater -2.00
Permian Seawater -6.00
Average Miogeocline 32 -20.98 0.511562
87Rb 87Sr 87Sr 87Sr
Sr Rb Sr 86Sr 86Sr 86Sr 86Sr
DMM 9.8 0.0253 0.7026 0.702515
EMI (high) 0.0852 0.7053 0.705015 0.705050
EMI (low) 0.0646 0.7053 0.705084
EMII 1.456 20.044 0.2050 0.7090 0.708315
HIMU (high) 0.0310 0.7030 0.702896 0.702931
HIMU (low) 0.0100 0.7030 0.702967
Triassic Seawater 0.707800
Permian Seawater 0.706750
Average Miogeocline 339 0.730000
238U 206Pb 206Pb 206Pb
206Pb U Pb 206Pb 204Pb 204Pb 204Pb
DMM 0.0232 4.059 18 17.849302
EMI (high) 7.340 17.65 17.377488 17.4148
EMI (low) 5.330 17.65 17.452113
EMII 0.04 1 5.846 19 18.782956
HIMU (high) 20.000 21 20.257460 20.3596
HIMU (low) 14.500 21 20.461659
235U 207Pb 207Pb 207Pb
207Pb U Pb 207Pb 204Pb 204Pb 204Pb
DMM 0.0232 0.0294 15.430 15.422344
EMI (high) 0.0532 15.475 15.461138 15.4630
EMI (low) 0.0387 15.475 15.464932
EMII 0.04 1 0.0424 15.675 15.663961
HIMU (high) 0.1451 15.850 15.812227 15.8174
HIMU (low) 0.1052 15.850 15.822615
232Th 208Pb 208Pb 208Pb
208Pb Th Pb 208Pb 204Pb 204Pb 204Pb
DMM 0.0232 23.630 37.70 37.423660
EMI (high) 22.800 38.14 37.873366 37.9617
EMI (low) 7.700 38.14 38.049953
EMII 0.177 1 50.622 38.86 38.268002
HIMU (high) 3.600 39.75 39.707900 39.7097
HIMU (low) 3.300 39.75 39.711408
Table C.6. Geochemical and Isotopic Parameters for Mantle and Binary Mixing 
Compoments.
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NAVDAT References 
References for data compiled from the NAVDAT database are listed below. 
Authors and a combined publication year-“Georef” ID from NAVDAT are provided. 
This information may be used to identify the data and its source as it appears in the 
extracted format retrieved from the NAVDATA database. 
Armstrong, R L, 1976-031483 
Bacon, Charles R; Bruggman, Peggy E; Christiansen, Robert L; Clynne, Michael, 1999-
052476 
Bacon-Charles-R; Gunn-Susan-H; Lanphere-Marvin-A; Wooden-Joseph-L, 1995-021596 
Barnes-Calvin-G; Burton-Bradford-R; Burling-Trina-C; Wright-James-E; Karlsson, 
2002-003065 
Borg-Lars-E; Clynne-Michael-A., 1998-048054 
Chase, R B; Bickford, M E; Tripp, S E, 1978-026075 
Clarke, Christopher Brian, 1990-900078 
Cousens, Brian; Prytulak, Julie; Henry, Christopher; Alcazar, Al; Brownrigg, T., 2008-
128984 
Criss, Robert E; Fleck, Robert J, 1987-068572 
De Renne, Paul, 1977-028575 
Elison-Mark-W; Speed-Robert-C; Kistler-Ronald-W., 1990-045668 
Fleck, Robert J; Criss, Robert E., 2004-035278 
Gunn, Susan Helen, 1992-058048 
Honjo, Norio, 1987-068969 
Jordan-Brennan-T, 2006-004040 
Kistler R W; Lee D E., 1989-062779 
Leeman, W P; Vitaliano, C J; Prinz, M, 1977-018654 
Leeman, William P; Manton, W I, 1971-031212 
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Leeman, William P; Menzies, Martin A; Matty, David J; Embree, Glen F., 1986-019416 
Leeman-William-P; Smith-Diane-R; Hildreth-Wes; Palacz-Zen-A; Rogers-Nick-W., 
1990-067963 
Lewis, R; Frost, T., 2006-900111 
Manduca, Cathryn A; Silver, Leon T; Taylor, Hugh P, 1993-021525 
Marvin, Richard F; Mehnert, Harald H; Naeser, Charles W; Zartman,Robert E, 1990-
041542 
McDougall-I, 1976-029912 
McKee, Edwin H; Duffield, Wendell A; Stern, Robert J, 1983-025631 
McKervey, A., 1998-900009 
Mertzman-S-A Jr., 1981-010095 
Mitchell, Todd Andrew, 1999-028972 
Muffler, L J Patrick (prefacer), 1990-067969 
Norman, Marc D; Leeman, William P, 1990-031423 
Reppe, Thomas Harold, 1999-028965 
Robertson, Melissa Claire, 1999-027998 
Shoemaker, Kurt A; Hart, William K, 2005-033635 
Shuster, R D; Bickford, M E, 1986-015490 
Streck, Martin J; Grunder, Anita L, 2008-900300 
Suayah, Ismail Belaid, 1993-014549 
Unruh, D; Lund, K; Kuntz, M; Snee, L, 2008-900304 
Vetter, Scott K; Shervais, John W, 1992-031861 
White, Craig M; Hart, William K; Bonnichsen, Bill; Matthews, Debra, 2005-033636 
Wright, Karen, 2000-053333 
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References for Data Compiled Separate from the NAVDAT Database 
Bedford, B., Crowley, J., Schmitz, M., Northrup, C.J., ansd Tikoff, B., 2010, Mesozoic 
magmatism and deformation in the northern Owyhee Mountains, Idaho: 
Implications for along-zone variations for the western Idaho shear zone: 
Lithosphere, v. 2, p. 93-118. 
Bondre, N.R., 2006, Field and geochemical investigation of basaltic magmatism in htae 
western United States and western India [Ph.D. Dissertation]: Oxford, Miami 
Univeristy, 236 p. 
Camp, V.E., 1995, Mid-Miocne propagation of the Yellowstone mantle plume head 
beneath the Columbia River basalt source region: Geology, v. 23, p. 435-438. 
Carlson, R.W., 1984, Isotopic constraints on Columbia River flood basalt genesis and the 
nature of subcontinental mantle: Geochimica et Cosmochimica Acta, v. 48, p. 
2357-2372. 
Hart, W.K., 1985, Chemical and isotopic evidence for mixing between depleted mantle 
and enriched mantle, northwestern U.S.A.: Geochimica et Cosmochimica Acta, v. 
49, p. 131-144. 
Hart, W.K., and Mertzman, S.A., 1982, K-Ar ages of basalts from southcentral and 
southeastern Oregon: Isochron/West, v. 33, p. 23-26. 
Hooper, P.R., and Hawkesworth, C.J., 1993, Isotopic and geochemical constaints on the 
origin and evolution of the Columbia River Basalt: Journal of Petrology, v. 34, p. 
1203-1246. 
Hughes, S.S., Whetmore, P.H., and Casper, J.L., 2002, Evolution of Quaternary tholeiitic 
basalt eruptive centers on the eatern Sanke River Plain, Idaho: in Bonnichsen, B., 
White, C.M., and McCurry, M., eds., Tectonic and Magmatic Evolution of the 
Snake River Plain Volcanic Province. Idaho Geological Survey Bulletin 30, p. 
313-328. 
King, E.M., Beard, B.L., ansd Valley, J.W., 2007, Strontium and oxygen isotopic evience 
for strike/slip movement of accreted terranes in the Idaho Batholith: Lithos, v. 96, 
p. 387-401. 
Leeman W.P., 1982, Development of the Snake River Plain-Yellowstone Plateau 
province, Idaho and Wyoming: An overview and petrologic model: in 
Bonnichsen, B., ansd Breckenridge, R.M., Cenozoic Geology of Idaho: Idaho 
Bureau of Mines Bulletin 26, p. 181-191.  
Noble, D.C., Hedge, C.E., McKee, E.H., and Korringa, M.K., 1973, Reconnaissance 
study of the strontium isotopic composition of Cenozoic volcanic rocks in the 
northwestern Great Basin: Geological Society of America Bulletin, v. 84, p. 1393-
1406. 
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Ramos, F.C., Wolff, J.A., and Tollstrup, D.L., 2005, Sr isotope disequilibrium in 
Columbia River flood basalts: Evidence for rapid shallow-level open-system 
processes: Geology, v. 33, p. 457-460. 
Rivera, T.A., 2008, A geochemical and multi-isotopic approach to determine mantle 
source and petrogenesis of late Cenozoic basalt in the western Snake River Plain, 
Idaho [Masters Thesis]: Boise, Boise State University. 
Schwartz, J.J., Snoke, A.W., Frost, C.D., Barnes, C.G., Gromet, L.P., and Johnson, K., 
2010, Analysis of the Wallowa-Baker terrane boundary: Implications for tectonic 
accretion in the Blue Mountains province, northeastern Oregon: Geological 
society of America Bulletin, v. 122, p. 517-536. 
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Samples Collected from the Cougar Creek Complex 
 
 
CC-792 
 
Geologic Setting 
 
Sample CC-792 is a right-lateral mylonitic dike collected south of Slaughter Gulch along 
ridge within the Kirkwood Creek Unit; 535745 E, 5044343 N; protolith material is most 
likely quartz diorite or tonalite. 
 
Hand Sample Description 
 
No hand sample. 
 
Mineralogy 
 
Feldspar porphyroclasts - 20% to 25% - Up to 4mm in size; variable alteration throughout 
the grains; fractured; deformational twinning; patchy extinction. 
 
Quartz porphyroclasts - 10% to 15 % - Elongate ribbons up to 15 mm in length oriented 
parallel to foliation; patchy extinction; narrow bands of subgrains with strong right-lateral 
preferred orientation; quartz subgrains range from less than ~50 microns to ~150 
microns. 
 
Fine-grained groundmass - greater than 60% - Finely recrystallized quartz and feldspar; 
proportions of quartz and feldspar not determined. 
 
Alteration minerals include chlorite, sericite (?). Dynamic recrystallization textures in 
quartz and feldspar indicate greenschist to upper greenschist facies deformational 
conditions. 
 
Accessory Minerals 
 
Epidote, apatite, titanite, opaques. 
 
 
CC-682 and CC07-02 
 
Geologic Setting 
 
Samples CC-682 and CC07-02 were collected from the Suicide Point pluton in the 
southern portion of the field area along the main trail in Idaho; 537102 E, 5044096 N. 
This pluton is a two-pyroxene gabbro. 
 
Hand Sample Description 
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No hand sample. 
 
Mineralogy 
 
Feldspar - 60% to 65%, up to 4mm in size; clean to variable alteration throughout the 
grains; fractured; deformational twinning; patchy extinction; oscillatory zoning. 
 
Orthopyroxene - less than 5%, up to 2mm in size, altered, mantled by green to brown 
hornblende and opaques; intergranular within plagioclase matrix. 
 
Clinopyroxene - less than 5%, up to 1mm in size, altered; intergranular within plagioclase 
matrix. 
 
Hornblende - ~15%, some original grains, however, most surround pyroxene as coronas; 
intergranular within plagioclase matirx. 
 
Quartz - ~2%, present as a late state intergranular phase. 
 
Alteration minerals include chlorite, sericite (?). 
 
Accessory Minerals 
 
Chlorite 1%; titanite 1%; biotite 1% to 2%; opaques 2% to 3%; zircon present, but not 
identified petrographically. 
 
 
CC07-04 
 
Geologic Setting 
 
Sample CC07-04 is a late-stage quartz diorite dike with collected from the Suicide Point 
gabbro in the southern portion of the field area along the main trail in Idaho; 537102 E, 
5044096 N. 
 
Hand Sample Description 
 
No hand sample. 
 
Mineralogy 
 
Feldspar - 65% to 70%, up to 2mm in size; partially to completely altered; alteration 
commonly affecting the central portions of grains; patchy extinction; oscillatory zoning. 
 
Quartz - ~15% to 20%, present as a late state intergranular phase. 
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Biotite - ~5%, present as a late stage intergranular phase. 
 
Alteration minerals include epidote, chlorite, sericite (?). 
 
Accessory Minerals 
 
Chlorite 1%; titanite 1% to 2%; opaques 2% to 3%; zircon less than 1%, long prismatic 
crystals within quartz. 
 
 
CC-7171 
 
Geologic Setting 
 
Sample CC-7171 is a hornblende, quartz-bearing gabbro collected from the Klopton 
Creek pluton in the northern portion of the field area along the north side of Klopton 
Creek in Idaho 543746 E, 5052864 N. Trachytoidal texture. 
 
Hand Sample Description 
 
No hand sample. 
 
Mineralogy 
 
Feldspar - ~60%, up to 4mm in size; clean to variable alteration throughout the grains; 
fractured; deformational twinning; patchy extinction; oscillatory zoning. 
 
Orthopyroxene - ~5%, up to 2mm in size, altered, mantled by green to brown hornblende 
and opaques. 
 
Clinopyroxene - ~5%, up to 2mm in size, altered. 
 
Hornblende - ~25%, up to 3mm in size present as original magmatic grains and as 
coronas surrounding pyroxene. 
 
Quartz - ~2%, present as a late stage intergranular phase. 
 
Alteration minerals include chlorite around hornblende, and sericite (?). 
 
Accessory Minerals 
 
Chlorite 1%; late stage opaques 3%; zircon present, but not identified petrographically. 
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CC-7112 
 
Geologic Setting 
 
Sample CC-7112 is a diabase dike that cross-cuts a larger tonalite body on the slope north 
or Two Corral Creek; 537175 E, 5044869 N.  
 
Hand Sample Description 
 
No hand sample. 
 
Mineralogy 
 
Feldspar - ~50%, up to 250 to 300 microns in size; variable alteration throughout the 
grains. 
 
Amphibole - ~40%, up to 250 to 300 microns in size, primarily altered to actinolite and 
chlorite. 
 
Alteration minerals include actinolite, chlorite, epidote, and sericite (?). 
 
Accessory Minerals 
 
Titanite 1%; opaques 5% to 6%. 
 
 
CC-673 
 
Geologic Setting 
 
Sample CC-673 is a mylonitic diabase dike with a right-lateral sense of shear collected 
along the main trail south of Kirkwood Ranch in Idaho within a prominent outcrop of 
strongly mylonitized silicic and mafic dikes; 538923 E, 5045394 N.  
 
Hand Sample Description 
 
No hand sample. 
 
Mineralogy 
 
Feldspar - ~35% to 40%, up to 250 to 300 microns in size; grains are entirely altered. 
 
Amphibole - ~50%, up to 250 to 300 microns in size, primarily altered to actinolite and 
chlorite. 
 
Quartz - Less than 2% to 3%; present as a late-stage phase (?). 
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Alteration minerals include actinolite, chlorite, epidote, and sericite (?). 
 
Accessory Minerals 
 
Titanite 1%; opaques 5% to 6%. 
 
 
CC-631 
 
Geologic Setting 
 
Sample CC-631 is a fine-grained gabbro collected along the trail south of Corral Creek; 
541910 E, 5049643 N. 
 
Hand Sample Description 
 
No hand sample. 
 
Mineralogy 
 
Feldspar - ~50%, up to 2mm in size; unaltered to variable alteration throughout the 
grains; deformational twinning; undulose extinction. 
 
Amphibole - ~40%, up to 2mm in size, primarily altered to actinolite and chlorite. 
 
Quartz - Less that 2%, late-stage fluids (?); grains show evidence of dynamic 
recrystallization (i.e. the development of subgrains; no preferred orientation observed). 
 
Alteration minerals include actinolite, chlorite, epidote, and sericite (?). 
 
Accessory Minerals 
 
Titanite 3% to 4%; opaques 3% to 4%. 
 
 
CC-632 
 
Geologic Setting 
 
Sample CC-632 is a deformed porphyritic diabase dike that collected along the trail south 
of Corral Creek; 541910 E, 5049643 N. Probable left-lateral sense of shear. 
 
Hand Sample Description 
 
No hand sample. 
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Mineralogy 
 
Feldspar - ~15% to 20% phenocrysts, up to 2mm in size; variable alteration throughout 
the grains. Fine-grained feldspar within the groundmass is estimated at ~25% of bulk 
rock. Total feldspar (i.e. phenocrysts + groundmass) is estimated at ~40% to 45%. 
 
Amphibole - ~55% to 60% of total rock volume, up to 100 microns in size; primarily 
altered to actinolite and chlorite 
 
Alteration minerals include actinolite, chlorite, epidote, and sericite (?). 
 
Accessory Minerals 
 
Titanite 2% to 3%; opaques 2% to 3%; biotite less than 1%. 
 
 
CC-641 and CC08-01 
 
Geologic Setting 
 
Samples CC-641 and CC08-01 were collected within the Trudy Mountain Gneissose unit 
along the main trail in Idaho; 541972 E, 5050986 N. This unit is a mylonitic tonalite that 
exhibits a right-lateral sense of shear. 
 
Hand Sample Description 
 
No hand sample. 
 
Mineralogy 
 
Feldspar - ~60%, up to 4mm in size; variable alteration throughout the grains; 
deformational twinning; undulose extinction; some grains are segmented and pulled 
apart. 
 
Quartz - ~ 30%, dynamically recrystallized; well-developed sub-grains that indicate a 
right-lateral sense of shear; quartz located between larger feldspar grains sometimes show 
a left-lateral sense of shear due to the relative motion of feldspar grains translating past 
one another. 
 
Alteration minerals include chlorite, epidote, and sericite (?). 
 
Accessory Minerals 
 
Titanite ~3% to 4%; opaques ~1%; biotite ~2% to 3%; zircon <1%; apatite <1%. 
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CC-6161 
 
Geologic Setting 
 
Sample CC-6161 is a fine-grained diabase collected along ridge between dividing 
Hominy Creek and Salt Creek ; 535745 E, 5044343 N. 
 
Hand Sample Description 
 
No hand sample. 
 
Mineralogy 
 
Suspected that this sample is fairly altered; chlorite and epidote are present in large 
quantity. Feldspar is mostly altered to sericite. Dark titanite is present as well (1% to 2%) 
 
Alteration minerals include chlorite, epidote, and sericite (?). 
 
 
CC-831 
 
Geologic Setting 
 
Sample CC-831 is a coarse-grained tonalite collected from the Triangle Mountain tonalite 
in the east-central portion of the Cougar Creek Complex; 542135 E, 5047539 N. 
 
Hand Sample Description 
 
No hand sample. 
 
Mineralogy 
 
Feldspar - ~70%, up to 5mm in size; unaltered to variable alteration throughout the 
grains; deformational twinning; undulose extinction; compositional zoning. 
 
Quartz - ~20%, late-stage, primarily intergranular; grains show evidence of dynamic 
recrystallization (i.e. patchy extinction and the development of subgrains; no preferred 
orientation observed). 
 
Amphibole - ~2%, up to 2mm in size, sometimes associated with paragenenic biotite; 
sometimes altered to actinolite and chlorite. 
 
Biotite - ~3% to 4%, up to 3mm in size; commonly rimmed with chlorite coronas. 
 
Alteration minerals include chlorite, epidote, and sericite (?). 
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Accessory Minerals 
 
Titanite ~1%, up to 0.5mm in size; opaques ~1%; apatite ~1% up to 1mm in size; zircon 
~1%. 
 
 
CC08-03 
 
Geologic Setting 
 
Sample CC08-03 is a mylonitized tonalite collected along the main trail in Idaho within 
the Trudy Mountain Gneissose unit; 541992 E, 5050640 N. This sample exhibits a well-
developed left-lateral sense of shear. 
 
Hand Sample Description 
 
No hand sample. 
 
Mineralogy 
 
Feldspar - 25%, present as porphyroclasts within recrystallized matrix; up to 1mm in size; 
fairly clean grains some localized alteration; patchy extinction; oscillatory zoning. 
 
Recrystallized matrix - 70%, consists of dynamically recrystallized quratz and feldspar; 
strong left-lateral preferred orientation exhibited by quartz subgrains; . 
 
Alteration minerals include epidote, chlorite (?). 
 
Accessory Minerals 
 
Biotite 1% to 2%; zircon 1%; apatite 1%; titanite <1%; monazite present but not 
identified petrographically. 
 
 
CC08-04 
 
Geologic Setting 
 
Sample CC08-04 is a diorite collected along the main trail in Idaho within the Trudy 
Mountain Gneissose unit; 541991 E, 5050407 N. 
 
Hand Sample Description 
 
No hand sample. 
 
Mineralogy 
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Feldspar - 50%, up to 2mm in size; variable alteration heavily concentrated in the cores; 
patchy extinction; oscillatory zoning. 
 
Amphibole - ~45%, actinolite. 
 
Alteration minerals include actinolite, epidote, sericite (?). 
 
Accessory Minerals 
 
Opaques 3% to 4%. 
 
 
CC08-05 
 
Geologic Setting 
 
Sample CC08-05 is a diorite collected along the main trail in Idaho within the Trudy 
Mountain Gneissose unit; 541991 E, 5050521 N. 
 
Hand Sample Description 
 
No hand sample. 
 
Mineralogy 
 
Feldspar - 40% to 45%, up to 4mm in size; variable alteration throughout the grains; 
fractured; patchy extinction; oscillatory zoning. 
 
Amphibole - ~40%, mainly actinolite. 
 
Quartz - ~2% to 3%, present as a late state intergranular phase; slightly recrystallized. 
 
Alteration minerals include actinolite, chlorite, sericite (?). 
 
Accessory Minerals 
 
Chlorite 1%; biotite 1%; opaques 2% to 3%; zircon present, but not identified 
petrographically. 
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CC08-06 
 
Geologic Setting 
 
Sample CC08-06 is a mylonitized tonalite collected along the main trail in Idaho within 
the Trudy Mountain Gneissose unit; 541987 E, 5050811 N. This sample exhibits a well-
developed left-lateral sense of shear. Similar to CC08-03. 
 
Hand Sample Description 
 
No hand sample. 
 
Mineralogy 
 
Feldspar - 30% to 35%, present as porphyroclasts within recrystallized matrix; up to 1mm 
in size; fairly clean grains some localized alteration; patchy extinction; oscillatory zoning. 
 
Recrystallized matrix - 55% to 60%, consists of dynamically recrystallized quartz and 
feldspar; moderate left-lateral preferred orientation exhibited by quartz subgrains; . 
 
Biotite - ~5% to 7%, biotite grains oriented parallel to well-developed foliation 
 
Alteration minerals include epidote, chlorite. 
 
Accessory Minerals 
 
Zircon 1%; apatite <1%; titanite 1% to 2%; opaques 1%. 
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Unpublished Data Contributed by Tracy L. Vallier 
 
Rough petrographic desciption of basic mineralogies contributed by Tracy L. 
Vallier.  
 
 
V-92-1 
 
Geologic Setting 
 
Sample V-92-1 is a mylonitic quartz diorite (?) collected on Trudy Mountain; outcrop on 
ridge between small gulch and Corral Creek; 542790 E, 5050972 N. 
 
Hand Sample Description 
 
No hand sample. 
 
Mineralogy 
 
Quartz; feldspar; epidote veining; prehnite. 
 
 
V-92-2 
 
Geologic Setting 
 
Sample V-92-2 is a meta-quartz diorite collected on Trudy Mountain; outcrop on ridge 
between small gulch and Corral Creek; 542790 E, 5050972 N. 
 
Hand Sample Description 
 
No hand sample. 
 
Mineralogy 
 
Quartz (recrystallized); feldspar (now albite); biotite; chlorite; epidote. 
 
 
V-92-3 
 
Geologic Setting 
 
Sample V-92-3 is a meta-diabase collected on Trudy Mountain; outcrop on ridge between 
small gulch and Corral Creek; 542790 E, 5050972 N. 
 
Hand Sample Description 
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No hand sample. 
 
Mineralogy 
 
Actinolite; feldspar; hematite; leucoxene (?). 
 
 
V-92-4 
 
Geologic Setting 
 
Sample V-92-4 is a trondjhemite (albite granite) collected on the north flank of Trudy 
Mountain; south side of Klopton Creek; 543149 E, 5051957 N. 
 
Hand Sample Description 
 
No hand sample. 
 
Mineralogy 
 
Feldspar (albite); quartz (recystallized); hornblende (chlorite and epidote alteration 
products); titano-magnetite; large apatite; mica (chlorite and epidote alteration products). 
 
 
V-92-5 
 
Geologic Setting 
 
Sample V-92-5 is a cataclastic trondjhemite (albite granite) collected on the north flank 
of Trudy Mountain; south side of Klopton Creek; 543095 E, 5052035 N. 
 
Hand Sample Description 
 
No hand sample. 
 
Mineralogy 
 
Feldspar (albite); quartz (recystallized/cataclastic); iron oxides; muscovite/biotite (fairly 
fresh); zircon; epidote and chlorite alteration products. 
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V-92-6 
 
Geologic Setting 
 
Sample V-92-6 is a quartz-bearing meta-gabbro collected on the north side of Klopton 
Creek (most likely the Klopton Creek pluton, see sample CC-7171 above); 543314 E, 
5052401 N. 
 
Hand Sample Description 
 
No hand sample. 
 
Mineralogy 
 
Plagioclase; clinopyroxene replaced in part by actinolite; opaques (titano-magnetite); rare 
orthopyroxene, mostly replaced; less than 2% quartz; epidote; prehnite. 
 
 
V-92-7 
 
Geologic Setting 
 
Sample V-92-7 is a hornblende-bearing norite collected from the Klopton Creek pluton 
on small ridge north of Klopton Creek; 543447 E, 5052843 N. 
 
Hand Sample Description 
 
No hand sample. 
 
Mineralogy 
 
Plagioclase; hypersthene; augite; hornblende; titnao-magnetite. 
 
 
V-92-8 
 
Geologic Setting 
 
Sample V-92-8 is a meta-andesite (keratophyre) or rhyfolite collected south of 
Temperance Creek on ridge above Brockman ranch; 535567 E, 5042799 N. 
 
Hand Sample Description 
 
No hand sample. 
 
Mineralogy 
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Feldspar (albite); rare quartz; felty texture; prehnite; epodite veining; pyrite (?). 
 
 
V-92-9 
 
Geologic Setting 
 
Sample V-92-9 is a mylonite collected south of Hominy Creek; 536236 E, 5043589 N. 
 
Hand Sample Description 
 
No hand sample. 
 
Mineralogy 
 
Feldspar (albite ?); quartz; epidote; clay minerals; amphibole (dark blue-green); prehnite; 
some S-C structures. 
 
 
V-92-10 
 
Geologic Setting 
 
Sample V-92-10 is an amphibolite collected south of Hominy Creek; 536236 E, 5043589 
N. 
 
Hand Sample Description 
 
No hand sample. 
 
Mineralogy 
 
Feldspar; opaque minerals; actinolite; epidote (abundant); quartz; possible two-stage 
structural history (?). 
 
 
V-92-11 
 
Geologic Setting 
 
Sample V-92-11 is a mylonite (originally tonalite or trondhjemite) collected south of 
Hominy Creek; 536236 E, 5043589 N. 
 
Hand Sample Description 
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No hand sample. 
 
Mineralogy 
 
Feldspar (albite); wispy elongate quartz; opaque minerals (some pyrite ?); needles of 
actinolite; epidote; titanite (?); leucoxene (?). 
 
 
V-92-12 
 
Geologic Setting 
 
Sample V-92-12 is a meta-trondhjemite collected south of Hominy Creek; 536133 E, 
5043605 N. 
 
Hand Sample Description 
 
No hand sample. 
 
Mineralogy 
 
Feldspar (albite); quartz; epidote; actinolite (good crystals), opaque minerals (pyrite); 
prehnite. Cataclasitic textures present. 
 
 
V-92-13 
 
Geologic Setting 
 
Sample V-92-13 is a meta-diabase collected south of Hominy Creek; 536133 E, 5043605 
N. 
 
Hand Sample Description 
 
No hand sample. 
 
Mineralogy 
 
Feldspar; actinolite; opaque minerals; quartz (2% to 3%); hematite. 
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V-92-14 
 
Geologic Setting 
 
Sample V-92-14 is a cataclastic meta-trondhjemite collected along ridge south of Salt 
Creek; 536535 E, 5043859 N. 
 
Hand Sample Description 
 
No hand sample. 
 
Mineralogy 
 
Feldspar (albite); quartz; amphibole (altered to actinolite); epidote; opaque minerals 
(pyrite); chlorite. 
 
 
V-92-15 
 
Geologic Setting 
 
Sample V-92-15 is a meta-gabbro collected along ridge south of Salt Creek; 536194 E, 
5044158 N. 
 
Hand Sample Description 
 
No hand sample. 
 
Mineralogy 
 
Feldspar; quartz; amphibole (altered to actinolite); opaque minerals (pyrite and hematite); 
epidote (rare); white mica. 
 
 
V-92-16B 
 
Geologic Setting 
 
Sample V-92-16B is a mylonitic trondhjemite collected along ridge south of Salt Creek; 
536333 E, 5044252 N. 
 
Hand Sample Description 
 
No hand sample. 
 
Mineralogy 
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Feldspar (albite); quartz (cataclastic/recrystallized); amphibole (altered to actinolite); 
chlorite; epidote. 
 
 
V-92-17 
 
Geologic Setting 
 
Sample V-92-17 is a meta-trondhjemite collected along ridge south of Salt Creek; 536194 
E, 5044252 N. 
 
Hand Sample Description 
 
No hand sample. 
 
Mineralogy 
 
Feldspar; quartz (cataclastic); amphibole (altered to actinolite);chlorite ; epidote (rare); 
calcite (rare). 
 
 
V-92-18 
 
Geologic Setting 
 
Sample V-92-18 is a meta-trondhjemite collected along ridge north of Two Corral Creek; 
537271 E, 5044968 N. 
 
Hand Sample Description 
 
No hand sample. 
 
Mineralogy 
 
Feldspar (albite); quartz; amphibole (altered to actinolite); titanite/leucoxene; pyrite ansd 
hematite; chlorite; prehnite. 
 
 
 
V-92-19 
 
Geologic Setting 
 
Sample V-92-19 is a quartz-beraing meta-gabbro collected along the south side of ridge 
north of Two Corral Creek. 
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Hand Sample Description 
 
No hand sample. 
 
Mineralogy 
 
Clinopyroxene (all altered to actinolite); feldspar; opaque minerals; quartz (1%). 
 
 
V-92-20B 
 
Geologic Setting 
 
Sample V-92-20B is a meta-trondhjemite collected on the north side of Two Corral 
Creek; 537281 E, 5045023 N. 
 
Hand Sample Description 
 
No hand sample. 
 
Mineralogy 
 
Feldspar; quartz; amphibole (altered to actinolite); brown biotite; opaques. 
 
 
V-92-21 
 
Geologic Setting 
 
Sample V-92-21 is a meta-rhyolite (quartz keratophyre) collected along trail in Oregon 
north of Temperance Creek near pool; 536892 E, 5043223 N. 
 
Hand Sample Description 
 
No hand sample. 
 
Mineralogy 
 
Quartz (bipyramidal); feldspar (albite); opaques; mafic minerals replaced by epidote and 
chlorite; titanite; leucoxene. 
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V-92-22 
 
Geologic Setting 
 
Sample V-92-22 is a meta-diabase collected on the north side of Two Corral Creek 100 
feet north of sample V-92-21; 536895 E, 5043284 N.. 
 
Hand Sample Description 
 
No hand sample. 
 
Mineralogy 
 
Feldspar; clinopyroxene (altered to actinolite); orthopyroxene (rare); opaques; chlorite; 
epidote; white mica; calcite. Some foliation present. 
 
 
V-92-23 
 
Geologic Setting 
 
Sample V-92-23 is a meta-trondhjemite collected in the Corral Creek drainage; 542617 
E, 5050250 N. 
 
Hand Sample Description 
 
No hand sample. 
 
Mineralogy 
 
Feldspar (albite); quartz (recrystallized); opaques; epidote; chlorite; prehnite (?); 
actinolite (rare). 
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V-92-24 
 
Geologic Setting 
 
Sample V-92-24 is a meta-diabase collected in the Corral Creek drainage; 542617 E, 
5050250 N. 
 
Hand Sample Description 
 
No hand sample. 
 
Mineralogy 
 
Feldspar; opaques (hematite); epidote; actinolite; rare quartz; prehnite. 
 
 
V-92-25 
 
Geologic Setting 
 
Sample V-92-25 is a rhyolite porphyry collected along ridge north of Kirkwood Creek; 
541663 E, 5046055 N. 
 
Hand Sample Description 
 
No hand sample. 
 
Mineralogy 
 
Feldspar; quartz; epidote; prehnite (in veins). 
 
 
V-92-26 
 
Geologic Setting 
 
Sample V-92-26 is a meta-diabase collected along ridge north of Kirkwood Creek; 
541663 E, 5046055 N. 
 
Hand Sample Description 
 
No hand sample. 
 
Mineralogy 
 
Feldspar; opaques; actinolite; epidote; chlorite; calcite; titanite; leucoxene. 
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V-92-27 
 
Geologic Setting 
 
Sample V-92-27 is a meta-rhyolite collected along ridge north of Kirkwood Creek ~ 200 
feet  southwest from samples V-92-25 and V-92-26; 541526 E, 5045940 N. 
 
Hand Sample Description 
 
No hand sample. 
 
Mineralogy 
 
Quartz; feldspar; epidote; actinolite; fine-grained recrystallized. 
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Samples Collected from the Salmon River Canyon 
 
 
SAL09-01 
 
Geologic Setting 
 
Sample SAL09-01 is a meta-tonalite collected in the Salmon River canyon south of Slate 
Creek; 556280 E, 5051104 N. 
 
Hand Sample Description 
 
Leucocratic in outcrop; sutured grain boundaries possibly indicate silicification; feldspar 
show prominent green color indicating alteration; ~5% amphibole likely altered to 
actinolite and/or chlorite; quartz; pyrite and/or chalcopyrite. 
 
 
SAL09-02 
 
Geologic Setting 
 
Sample SAL09-02 is a diabase dike collected in the Salmon River canyon south of Slate 
Creek from the same outcrop as SAL09-01; this dike cross cuts the tonalite; 556280 E, 
5051104 N. 
 
Hand Sample Description 
 
Fine-grained olive green color; feldspar phenocrysts are green in color indicating 
alteration; small mafic phenocrysts, possibly amphibole (?) that are likely altered. 
 
 
SAL09-03 
 
Geologic Setting 
 
Sample SAL09-03 is a quartz diorite collected in the Salmon River canyon south of Slate 
Creek; 555935 E, 5051355 N. Field relationships suggest that this quartz diorite is a late-
stage comagmatic unit associated with the meta-tonalite (SAL09-01). 
 
Hand Sample Description 
 
Light olive green in color; feldspar are green in color indicating alteration; quartz; and 
small needles of amphibole likely altered to actinolite and chlorite. 
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Samples Collected in the Oxbow Complex 
 
 
OX08-01 
 
Geologic Setting 
 
Sample OX08-01 is a deformed dike collected in just to the north of the mouth of Indain 
Creek; 513509 E, 4981170 N. 
 
Hand Sample Description 
 
Stongly foliated; ultramylonitic; jointed; light-gray fine-grained dike. Original mineral 
composition not discernable in hand sample. 
 
 
OX08-02 
 
Geologic Setting 
 
Sample OX08-02 is collected from a variably deformed quartz diorite pluton located to 
the northeast of the mouth of Indain Creek; 513542 E, 4981335 N. This pluton is weakly 
to moderately deformed internally and more strongly deformed along its southern margin. 
 
Hand Sample Description 
 
Feldspar are green in color indicating alteration; quartz; amphibole are green in color and 
likely altered to chlorite; some larger glomeroles of mafic minerals present or possibly a 
small xenolith; grain boundaries are poorly defined, appear to be sutured indicating some 
recrystallication or silicification. 
 
 
OX08-03 
 
Geologic Setting 
 
Sample OX08-03 is a non-deformed pophyritic diabase collected just to the northeast of 
the mouth of Indain Creek; 513552 E, 4981205 N. 
 
Hand Sample Description 
 
Fine-grained, porphyritic to glomeroporphyritic; ~5% to 10% phenocrysts; feldspar 
phenocrysts up to 3 to 4mm in size and are green in color indicating alteration; small 
mafic phenocrysts possibly amphibole based on elongate occurrence; pyrite and/or 
chalcopyrite; some small fractures with alteration minerals filling them. 
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OX08-04 
 
Geologic Setting 
 
Sample OX08-04 is a mylonitic diabase collected just to the north of the mouth of Indain 
Creek; 513508 E, 4981061 N. Exhibits a left-lateral sense of shear with horizontal 
stretching lineations. 
 
Hand Sample Description 
 
Fine-grained, mylonitic; feldspar and amphibole porphyroclasts; feldspar are green in 
color indicating alteration; amphiboles are likely actinolite and altered to chlorite. 
 
 
OX08-06 
 
Geologic Setting 
 
Sample OX08-06 is a diabase dike collected just to the south of the mouth of Indain 
Creek; 513829 E, 4980897 N. 
 
Hand Sample Description 
 
No hand sample. 
 
 
OX08-08 
 
Geologic Setting 
 
Sample OX08-08 is a meta-quartz diorite collected just to the north of the Brownlee Dam 
along the Brownlee-Oxbow highway; 510899 E, 4969339 N. 
 
Hand Sample Description 
 
No hand sample. 
 
Mineralogy 
 
Feldspar - 70% to 75%, up to 4mm in size; mostly altered; presence of sericite in grains; 
grains are fractured / cataclasis, which is also evident at the outcrop-scale as well. 
 
Quartz - 15% to 20%, present as an intergranular phase; patchy extinction and sutured 
grain boundariesindicating some recystallization. 
 
Biotite - 5% - Primarily altered to chlorite. 
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Accessory minerals include apatite, zircon, titanite, and some late-stage opaques. Some 
epidote. 
 
 
OX08-09 
 
Geologic Setting 
 
Sample OX08-09 is a porphyritic diabase collected on the Idaho side of Oxbow reservoir 
south of Oxbow Dam; 512453 E, 4977396 N. 
 
Hand Sample Description 
 
No hand sample. 
 
Mineralogy 
 
Feldspar - ~50%, Larger phenocrysts are almost entirely altered and smaller grains within 
the groundmass material are slightly less altered. 
 
Amphibole (?) - ~50%, no large grains, all are within the finer-grained groundmass; 
completely altered to chlorite. 
 
Quartz - <1%, present as an intergranular phase. 
 
Accessory minerals include abundant titanite and opaques. 
 
 
OX08-10 
 
Geologic Setting 
 
Sample OX08-10 is a porphyritic diabase collected on the Idaho side of Oxbow reservoir 
south of Oxbow Dam; 512438 E, 4977359 N. 
 
Hand Sample Description 
 
Aphanitic; porphyritic; feldspar phenocrysts are green in color indicating some degree of 
alteration; feldspar also occasionally occur as small glomeroles; small mafic phenocrysts 
are elongate and are likely amphibole (?) but cannot rule out pyroxene either; pyrite 
and/or chalcopyrite also present. 
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OX08-11 
 
Geologic Setting 
 
Sample OX08-11 is a diabase collected on the Idaho side of Oxbow reservoir south of 
Oxbow Dam; 512426 E, 4977283 N. 
 
Hand Sample Description 
 
Fine-grained phaneritic; approximately 60% feldspar and 40% mafic material; mafic 
minerals likely pyroxene and amphibole that are likely altered chlorite and/or actinolite. 
 
 
OX08-14 
 
Geologic Setting 
 
Sample OX08-14 weakly deformed diabase collected along ridge north of Indian Creek; 
this unit is interpreted as being intrusive into the quartz diorite pluton from which sample 
CC08-02 was collected; 514290 E, 4982077 N. 
 
Hand Sample Description 
 
Aphanitic, slightly foliated; feldspar are green in color indicating some degree of 
alteration. Mafic minerals present in groundmass likely pyroxene and/or amphibole. 
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Samples Collected from the Olds Ferry Arc Terrane 
 
 
HT04-04 
 
Geologic Setting 
 
Sample HT04-04 is a meta-trondhjemite collected from a pluton located along the Snake 
River Road that parallels Brownlee reservoir to the east of Huntington, Oregon (i.e. the 
Brownlee Trondhjemite); 481205 E, 4916246 N. 
 
Hand Sample Description 
 
Coarse-grained; green altered feldspar; quartz; hornblende likely altered to chlorite. 
 
 
HT07-01 
 
Geologic Setting 
 
Sample HT07-01 is a porphyritic diabase collected along the Olds Ferry Road that 
parallels the Idaho side of Brownlee reservoir; this unit intrudes the Brownlee 
Trondhjemite (sample HT04-04); 481232 E, 4915673 N. 
 
Hand Sample Description 
 
No hand sample. 
 
Mineralogy 
 
Fine-grained groundmass - composed dominantly of altered plagioclase microlites. 
 
Feldspar - present a phenocrysts (15% total volume), up to 2mm in size; strongly altered 
(sericite and epidote). 
 
Pyroxene (?) - present as smaller phenocrysts; appear to be totally recrystallized  
 
Alteration minerals include epidote, chlorite, trace of calcite in fractures and voids; trace 
of quartz commonly associated with calcite around altered areas. 
 
Accessory Minerals 
 
Opaques - <1%. 
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HT07-02 
 
Geologic Setting 
 
Sample HT07-02 is a meta-trondhjemite collected from a small intrusive unit located 
along the Olds Ferry Road that parallels the Idaho side of Brownlee reservoir; this unit is 
interpreted as a smaller exposure of the Brownlee Trondhjemite (sample HT04-04); 
481380 E, 4914161 N. 
 
Hand Sample Description 
 
No hand sample. 
 
Mineralogy 
 
Feldspar - 70%, up to 4mm in size; entirely altered (sericite and epidote); remnant 
carlsbad twinning. 
 
Quartz - 20% present as an intergranular phase; sutured grain boundaries indicating some 
recrystallization. 
 
Amphibole - 5%, intergranular; totally recrystallized to chlorite and minor actinolite (?). 
 
Alteration minerals include epidote, chlorite, actinolite (?), trace of calcite in fractures. 
 
Accessory Minerals 
 
Zircon <1%; titanite 1% to 2%. 
 
 
HT07-03 
 
Geologic Setting 
 
Sample HT07-03 is a porphyritic diabase dike that intrudes the Brownlee Trondhjemite 
collected along the Olds Ferry Road that parallels the Idaho side of Brownlee reservoir;; 
481380 E, 4914161 N; same location as HT07-02. 
 
Hand Sample Description 
 
No hand sample. 
 
Mineralogy 
 
Clinopyroxene - 20% to 25%, present in the fine-grained groundmass and as altered 
phenocrysts up to 4mm in size. 
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Feldspar - present as felty microlites within the fine-grained groundmass; groundmass 
accounts for 75% to 80% of volume. 
 
Opaques - 4% to 5% present within the groundmass. 
 
Alteration minerals include epidote, chlorite, actinolite (?), trace of calcite in fractures. 
 
Accessory Minerals 
 
Titanite (?). 
 
 
HT07-04 
 
Geologic Setting 
 
Sample HT07-02 is a gabbroic clast from a conglomerate unit from the Lower 
Huntington Formation; 480547 E, 4911770 N. 
 
Hand Sample Description 
 
No hand sample. 
 
 
 
HT07-06 
 
Geologic Setting 
 
Sample HT07-06 is a clast of silicic igneous material either silicified fine-grained 
intrusive rock or a porphyritic rhyolite collected from a conglomerate unit from the 
Lower Huntignton Formation; 480547 E, 4911770 N. 
 
Hand Sample Description 
 
This clast is silicified and contains subhedral / rounded (perhaps partially resorbed) to 
euhedral / bipyramidal quartz phenocrysts within a light-gray to bluish-gray fine-grained 
matrix. Some feldspar phenocrysts are present as well and are light green in color 
suggesting some alteration. Pyrite / chalcopyrite is also observed. 
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DC07-06 
 
Geologic Setting 
 
Sample DC07-06 is a hornblende, biotite, granodiorite collected in the Dennett Creek 
area near the historic mining town of Mineral, Idaho; 496274 E, 4933781 N. 
 
Hand Sample Description 
 
No hand sample. 
 
Mineralogy 
 
Feldspar - 70%, up to 4mm in size; variable alteration (sericite and epidote). 
 
Quartz - 20% present as an intergranular phase. 
 
Amphibole - 5%, Euhedral to anhedral up to 2mm in size; commonly mantled with 
biotite and/or altered to chlorite. 
 
Biotite - 5% - Up to 1mm in size; often associated with hornblende and opaques; chlorite 
also observed with biotite; opaques appear to be a late-stage exsolution from biotite. 
 
Alteration minerals include epidote, chlorite. 
 
Accessory Minerals 
 
Zircon <1%; titanite 1% to 2%, opaques. 
 
 
WB07-01 
 
Geologic Setting 
 
Sample WB07-01 is a gabbro collected from an outlying intrusive body located west of 
Huntington, Oregon; 471579 E, 4907739 N. 
 
Hand Sample Description 
 
No hand sample. 
 
Mineralogy 
 
Feldspar - 55% to 60%, up to 3mm in size; fairly fresh, little alteration; numerous 
inclusions; . 
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Olivine - ~4% to 5%, completely altered to iddingsite (?) 
 
Clinopyroxene - 30% to 35%. 
 
Opaques - 5%, late-stage exsolution product. 
 
Accessory Minerals 
 
Opaques. 
 
 
WB07-02 
 
Geologic Setting 
 
Sample WB07-02 is a granite collected from an outlying intrusive body located west of 
Huntington, Oregon; 471470 E, 4907392 N. 
 
Hand Sample Description 
 
No hand sample. 
 
Mineralogy 
 
Alkali feldspar - 65% to 70%, up to 4mm in size; moderate alteration; myrmekitic 
texture. 
 
Quartz - 20% to 25% 
 
Opaques - 2% to 3%. 
 
Biotite - Trace <1% 
 
Alteration minerals - chlorite; trace of calcite within some fractures and voids. 
 
 
DC08-07 
 
Geologic Setting 
 
Sample DC08-07 is a biotite granodiorite collected on the east side of Iron Mountain near 
the Dennett Creek drainage and the historic town of Mineral, Idaho; 498298 E, 4931232 
N. 
 
Hand Sample Description 
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Phaneritic; feldspar (plagionclase and potassium feldspar identifiable); plagioclase green 
in color indicating some degree of alteration; quartz; apparent sutured grain boundaries 
indicating possible low grade recystallization (?); biotite is the primary mafic mineral 
with minor amphibole; green color associated with mafic minerals suggest alteration to 
chlorite. 
 
 
CUD09-01 
 
Geologic Setting 
 
Sample CUD09-01 is a quartz diorite boulder collected from a conglomerate unit within 
the Jurassic Weatherby Formation; the outcrop is located along Idaho State Highway 71 
west of Cambridge, Idaho; 510294 E, 4954192 N. 
 
Hand Sample Description 
 
This qartz diorite clast has been deformed within the colglomerate unit from which it was 
collected; phaneritic; feldspar are light-green in color indicating some degree of 
recystallization; quartz; biotite is the primary mafic mineral; minor amphibole; calcite 
presenet in fractures and veins associated with later deformation of the host 
conglomerate. 
 
 
 
RC07-02 
 
Geologic Setting 
 
Sample RC07-02 is a quartz diorite collected in Rush Creek canyon located east of 
Cambridge, Idaho; 524364 E, 4949956 N. 
 
Hand Sample Description 
 
Sample exhibits a weak to moderate foliation possibly magmatic in origin; in outcrop this 
fabric occurs in zones, exhibiting definite gradients; dynamic recrystallization textures 
are not evident. Primary minerals include feldspar, quartz, biotite, and hornblende. This 
quartz diorite is melanocratic with 30% to 35% mafic minerals. 
 
 
RC07-03 
 
Geologic Setting 
 
Sample RC07-03 is a quartz diorite collected in Rush Creek canyon located east of 
Cambridge, Idaho; 524344 E, 4949793 N. 
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Hand Sample Description 
 
Primary minerals include feldspar, quartz, biotite, and hornblende. This quartz diorite 
contains a lower percentage of mafic minerals (25% to 30%) compared to RC07-02. In 
outcrop this unit exhibits possible intermingling textures with gabbroic material (sample 
RC07-06). 
 
 
RC07-04 
 
Geologic Setting 
 
Sample RC07-04 is a porphyritic granodiorite collected in Rush Creek canyon located 
east of Cambridge, Idaho; 524489 E, 4949590 N. 
 
Hand Sample Description 
 
Primary minerals include feldspar, quartz, biotite, and possibly hornblende. This quartz 
diorite contains a lower percentage of mafic minerals (~10% to 15%) compared to 
samples RC07-02 and RC07-03. 
 
 
RC07-05 
 
Geologic Setting 
 
Sample RC07-05 is a biotite granite collected in Rush Creek canyon, near the bottom, 
located east of Cambridge, Idaho; 524044 E, 4948775 N. 
 
Hand Sample Description 
 
This rock is fine-grained and light colored; primary minerals include feldspar (easier to 
identify potassium feldspar in this sample compared to others from Rush Creek), quartz, 
and biotite. This granite contains a lower percentage of mafic minerals (<10%) compared 
to RC07-02, RC07-03, and RC07-04. 
 
 
RC07-06 
 
Geologic Setting 
 
Sample RC07-06 is a gabbro collected at the bottom of Rush Creek canyon located east 
of Cambridge, Idaho; 524089 E, 4948626 N. 
 
Hand Sample Description 
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Primary minerals include feldspar (green color likely alteration to sericite and epidote), 
hornblende, biotite or chlorite (possibly alteration product), and a trace of quartz (likely a 
late-stage intergranular phase (<5%). 
 
 
DC08-01 and DC08-14 
 
Geologic Setting 
 
Samples DC08-01 and DC08-14 are porphyritic fine-grained diorites that intrude the 
Jurassic Weatherby Formation in the Dennett Creek drainage near the historic mining 
town of Mineral, Idaho; DC08-01 = 493444 E, 4933920 N and DC08-14 = 493493 E, 
4934591 N. 
 
Hand Sample Description 
 
No hand sample. 
 
Mineralogy 
 
Petrographic analysis for these samples are based on a similar sample that is collected at 
a different location in the Dennett Creek area. 
 
Feldspar - present as phenocrysts up to 4 mm in size, but most are less than 2mm; 
variable amounts of alteration primarily in the cores of grains; grains are euhedral to 
rounded and appear to be partially resorbed. 
 
Hornblende - present as phenocrysts up to 2mm in size, but most are less than 1mm; 
grains are euhedral to subhedral and occatinally occur in glomeroles of several grains; 
color of grains range from brown to green; green grains may be altered to actinolite. 
 
Accessory minerals include zircon and titanite. 
 
